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On some factors that effect the ‘feel’ of 
molecules. 
 
Abstract 
There is currently a trend towards the increasing use of nanotechnology in food. 
Emerging technology has the potential to modify the nutritional value and improve 
the quality of food products. Nevertheless there are difficulties. Perhaps the most 
problematic area is molecular sensing and in particular mechanical sensing as 
modification leads to structurally different molecules. The mucosal layers are the first 
point of contact in the mechanical sensory process. Mucins are the largest component 
of the mucosa and these high molecular weight glycoproteins can be found across all 
animal phyla. Their roles are diverse ranging from a non-specific immune response to 
lubricators. Mucin is investigated and it is proposed to adsorb in a concentration 
manner in a quasi-composite layer structure. This structure is related to its functional 
properties and is conserved over a wide temperature range.    
 
 
 
 
 
 
 
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 ii 
Acknowledgements 
I would like to thank my supervisor Jeremy Ramsden and Robert Horvath (Postdoc) 
for help and guidance throughout the project. Sincere thanks to all at Unilever, in 
particular Gleb Yakubov. I will miss our late evening discussions.  There are too 
many friends and colleagues at Cranfield to mention so I will single out a few. Most 
important is Amir who always brings biscuits to the coffee meetings (and all the other 
group members, Yun-Peng, Farah), Chris Shaw and Andrew Stallard for their help 
over the course of the work with technical issues.  Enza, you are one in a million 
always happy and always helpful. Renauld and Arne, who were always there during 
those late evenings ready for a beer.  
 
In addition I would like to thank my family who have always given me support and 
help. To my wife Emma, I thank you and love you dearly. To my children, Chloe and 
Harrison, be good and I love you. My mum and dad have been an inspiration and I 
thank them also.       
 
Finally I would like to thank the EPSRC for funding the project.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 iii 
List of figures 
 
 
2.1 Schematic drawing showing idealised adsorbed protein layer, where the 
cover layer (C) contains molecules in solution at concentration Cb, the 
layer formed (A) and thickness (dA) and the substrate F onto which the 
particles adsorb. Adapted from Ramsden (1995) [68]. ……………………….22 
 
2.2 Representative schematic plots of dΓ/dt vs Γ plots of protein adsorption 
for the Langmuir and RSA models where Γ is the mean mass of 
molecules at the interface and dΓ/dt the derivative of Γ as a function of 
time (t).  …………………………………………………………..………… 24 
 
2.3 Daisy chain configuration of an asymmetric polyampholyte. Beads (B) 
are separated, through electrostatic repulsion by length (lER).………………..32 
 
2.4 Pole regime of asymmetric polyampholyte adsorption. The charges 
decrease from the surface at length λ and D the chain size. Adapted from 
Dobrynin [111].………………………………………………………………...34   
 
2.5 Fence regime of asymmetric polyampholyte adsorption. The decrease in 
free surface charges as the polyampholyte attaches further decreases λ. 
Adapted from [111]………………………………………….............................35 
 
2.6 Pancake regime of asymmetric polyampholyte adsorption. λ is reduced 
further as the free surface charges are occupied further. All molecule 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 iv 
charges which oppose the surface are within λ whilst all surface 
equivelant charges are above. Adapted from Dobrynin [111]……. …………..35 
 
2.7 Multilayer adsorption regime of asymmetric polyampholyte… ………………36 
 
2.8 Schematic diagram of mucin molecule. Which consist of a central 
protein core with branched glycosylated. Adapted from reference [120]...……38 
 
2.9 Scheme depicting mucin carbohydrate chains. Adapted from reference 
[120]…………………………………………………………………….. ……..39 
 
2.10 Diagram of EGCg structure. Molecular weight 458.37 and chemical 
formula C22H18O11. Adapted from reference [141]. ………………………….. 41 
 
3.1 Optical waveguide lightmode spectroscopy. The waveguide is roated on 
a goniometer between -6 to +6 degrees. At a critical angle (α) light is 
coupled into the waveguide and propagates to the photodiode. As it 
propagates it travels via total internal reflection within the TiSiO2 layer 
and the electromagnetic evanescent field (penetrates 100-200 nm above 
the surface) is the sensing area. Molecules adsorbed at the surface of the 
waveguide will interfere with the evanescent field causing a shift in the 
measured propogation constant. ………………………………………………49 
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 v 
3.2 Experimental setup of OWLS 110 system (Microvacuum, Budapest, 
Hungary).A, control panel, B, injection system, C, temperature control 
unit, D, goniometer set up with mounted cuvette………………………. ……..50 
 
3.3 Schematic depiction of OWLS setup…………………………………………. 51 
   
3.4 Rudolph J357 refractometer. …………………………………………………52 
 
3.5 Schematic representation of confocal microscopy. The laser light is 
focused onto the sample via the lens. Emitted light is directed toward the 
detector via the beam splitter and a pinhole. The pinhole ensures that no 
light outside the focal plane is detected.  …………………………………….59 
 
3.6 Image showing slice through McCoy fibroblast on poly-L-lysine 
substrate after 30 minutes. The cytoplasm stained using a streptavidin-
Alexa Fluor555 and the nuclear fractions stained using Sytox green. 
Images are taken every 0.5 µm. The scanning starts top right and finishes 
bottom left. The scale bar is applicable for all individual squares. …………….60 
 
 
4.1 Representative plot of the amount of mucin, calculated from the OWLS 
data, adsorbed on Si0.6Ti0.4O2 from a 0.1% w/w bulk solution against 
time. The arrows a and b correspond to the start of mucin  ow and the 
start of pure water  ow (desorption phase).……………………………………63 
 
4.2 Saturation adsorption of mucin dissolved in water on Si0.6Ti0.4O2 plotted 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 vi 
against the bulk concentration of mucin. Error bars denote s.d. for Msat. …......64 
 
 
4.3 Representative plot of the amount of mucin, calculated from the OWLS 
data, adsorbed on Si0.6Ti0.4O2 from 0.0001, 0.0003, 0.001, 0.01 and 0.1% 
w/w bulk solution against time ………………………………………………...66 
 
4.4 Time derivative of absorbed mass plotted against adsorbed mass 0.1% 
w/w. …………………………………………………………………………..67 
 
4.5 Representative plot of the amount of mucin, calculated from the OWLS 
data, adsorbed on Si0.6Ti0.4O2 from a 1, 3 and 10% w/w bulk solution 
against time. The arrows a and b correspond to the start of mucin  ow 
and the start of pure water  ow (desorption phase). ………………………….68 
 
4.6 Raw data NTE and NTM plots for 10% w/w mucin adsorbed on 
Si0.6Ti0.4O2 against time. …………………………………………………….....69 
 
4.7 dNTE/dt plotted against time for 1.0% mucin adsorption. ……………………..70 
 
4.8 Shift recovery. Calculated from the OWLS data, adsorbed on Si0.6Ti0.4O2 
from a 1.0% w/w bulk solution against time using the refractive index as 
‘seen’ by the OWLS. …………………………………………………………..71 
 
4.9 Negative mass shift. Calculated from the OWLS data, adsorbed on 
Si0.6Ti0.4O2 from 1 and 3% w/w bulk solution against time using the 
refractive index as ‘seen’ by the OWLS. ………………………………………72 
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 vii 
4.10 Plot of the modified refractive index cover media mass calculations. 3 
and 10% w/w bulk solution mucin, adsorbed on Si0.6Ti0.4O2 against time. ……74 
 
4.11 Representative plot of mucin desorption from Si0.6Ti0.4O2. The mucin 
concentration shown is 3% w/w bulk solution against time. MO is the 
amount of adsorbed mucin at desorption time zero. …………………………...76 
 
4.12 Representative plots of the double logarithm of the amount of adsorbed 
mucin versus the logarithm of time, i.e. in accord with eqn (1). The plots 
are for desorption of the deposit created from a 3% mucin solution, 
which could be clearly separated into fast (A) and slow (B) phases. ………….78 
 
4.13 Righthand scale: saturation adsorption of mucin dissolved in water on 
Si0.6Ti0.4O2 plotted against bulk mucin concentration. Lefthand scale: 
Kohlrausch exponents characterizing mucin desorption from Si0.6Ti0.4O2 
in pure water plotted against the bulk concentration of mucin dissolved 
in water used to create the deposit. Points are connected merely to guide 
the eye. Error bars denote s.e.m. for β1 and β2, and s.d. for Msat.  ……………..80 
 
4.14 Righthand scale: mass adsorption of 0.1% w/w mucin dissolved in water 
on Si0.6Ti0.4O2 plotted against time. Lefthand scale: calculated thickness 
of mucin plotted against time.………………………………………………….83 
 
4.15 Refractive index plotted against time of 0.1% w/w mucin dissolved in 
water on Si0.6Ti0.4O2. …………………………………………………………..84 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 viii 
 
4.16 Low concentration mucin hysteresis. 0.001% and 0.1% mucin effective 
refractive index against mass adsorbed. Orange arrows depict adsorption 
and black arrows desorption. …………………………………………………..85 
 
4.17 High concentration mucin hysteresis. 1, 3 and 10% mucin effective 
refractive index against mass adsorbed. Orange arrows depict adsorption 
and black arrows desorption. ………………………………………………..86 
 
4.18 Mucin adsorption/desorption model – semi-dilute regime. For the fence 
Regime D~l  where D is the mean thickness of the layer and l the 
Debye Length. ………………………………………………………………..87 
 
4.19 Mucin adsorption/desorption model – entangled regime. For the fence 
Regime D~l  where D is the mean thickness of the layer and l the 
Debye Length. For the pancake regime D>>l. ………………………………..88 
 
4.20 Representative plots of the amount of mucin, calculated from the OWLS 
data, adsorbed on Si0.6Ti0.4O2 from a 0.1% w/w bulk solution against 
time for 25.0, 37.0 and 60.0 oC. ………………………………………………..91 
  
4.21 Arrhenius plot for adsorption. ………………………………………………….94 
  
4.22 Arrhenius plot for desorption (fast phase). …………………………………..96 
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 ix 
4.23 Arrhenius plot for desorption (slow phase). ………………………………….96 
 
4.24 Temperature anisotropy. 0.1% w/w mucin refractive index change as a 
function of adsorbed mass at 25.0, 37.0 and 60.0 oC. ………………………….98 
 
4.25 Adsorption/desorption of 0.1% mucin dissolved in pure water, 0.2M 
NaCl, NaI and NaF onto Si0.6Ti0.4O2. ………………………………………100 
 
5.1 Typical result of mucin adsorption/desorption. 0.1% w/w mucin pre- 
mixed with EGCg concentrations spanning 0.001 to 1% 
w/w.……………………………………………………………………………109  
 
5.2 Mucin adsorption/desorption. 3% w/w mucin mixed with 0.01, 0.1 and 
1.0% EGCg. Inset is expanded view of slowphase desorption. ……………...111 
 
5.3 Mucin + EGCg behaviour in the bulk and at an interface. Mucin forms 
complexes with EGCg in the bulk and it is most likely that the EGCg 
bound to the mucin is also incorporated into the adsorbed film at the 
interface.………………………………………………………………………113 
 
5.4 Adsorption/desorption plot for 0.1% w/w mucin in water and 0.1% w/w 
mucin mixed with 0.1% w/w EC. …………………………………………….114 
 
5.5 Typical results of 0.1% w/w mucin in water and 0.1% w/w mucin mixed 
with EGCg flowed over 0.1% mucin layer.  ………………………………….116 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 x 
 
5.6 Mass time plot for 0.1% w/w mucin mixed with EGCg (0.1% w/w) 
solutions at different temperatures.   …………………………………………119 
 
5.7 3T3 fibroblast cells grown online. Buffered medium and serum were 
first flowed onto the waveguide (DHS: Dulbecco’s media containing 
Hepes and Serum) (first curve). Cells were then added, the flow stopped 
(to allow cells to attach, second small curve) and then restarted. 
Restarting the flow causes the signal to drop slightly. Cells then spread 
an establish over many hours and 100 µl EGCg is injected (1.0% w/w) at 
around 2,800 minutes and washed with DHS (expanded area). ……………...123 
 
5.8 ∆NTE for EGCg added to cell- free and cell-established substrates. EGCg 
is either added in buffered medium + 10% serum (DHS) directly to cells. 
Or the cells are washed for 15 minutes with 0.1M Hepes buffer and then 
EGCg in Hepes (EH) applied.  ……………………………………………….124 
 
5.9 3T3 fibroblast cells in PBS with 0.1% w/w EGCg. At the beginning of 
the experiment cells show normal morphology (A) but after 30 minutes 
incubation with EGCg (B) cells round up and reduce in size. ……………….125 
 
5.10 EGCg adsorption onto a bare waveguide. Initially a water baseline is 
established after which the EGCg is added (first rising curve, point a). 
The return of the curve to the same position after washing (second curve, 
point b) implies no adsorption has taken place. ………………………………126 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 xi 
 
5.11 Cell-substrata interactions monitored by OWLS (monitored as mean 
incoupling peak position shift with time). Fibroblasts spread on 0.1% 
PLL in water (top curve), 0.1% (w/w) mucin in water (lower curve) and 
0.1% mucin + 0.1% EGCg in water (middle curve). Cells were added at 
time 0. 0-10minute data were fitted with linear least square fits yielding 
(PLL) 0.0017 ± 0.00002, (mucin + EGCg) 0.0011 ± 0.00005 (mucin) 
0.00017 ± 0.00009. For the interval 10 -30 minutes ∆α values were, 
(PLL) 0.0021 ± 0.00009, (mucin + EGCg) 0.0010 ± 0.00002 and (mucin) 
0.0003 ± 0.00002. ………………..129 
 
5.12 Confocal microscopy images of fibroblast cells on poly-L- lysine, mucin 
and mucin/EGCg substrates after 30, 60 and 180 minutes. Sytox (green) 
stains the nucleus and Alexa Fluor555A  stains mitochondrial biotin, 
yellow indicates red on green staining. All images x400 magnification 
with both 30 minute and 60 minute images zoomed (x4.5). White scale 
bars in the lower right hand corner correspond to 10µm for 30 and 60 
minute images and 50µm for 180 minutes. The 180 minute images are 
not zoomed and show typical overall cell coverage.  ………………………...130 
 
5.13 Cell-substrata interactions monitored via OWLS (incoupling peak 
width). Fibroblasts  spread on 0.1% PLL in water (top curve), 0.1% 
(w/w) mucin in water (lower curve) and  0.1% mucin + 0.1% EGCg in 
water (middle curve). Cells were added at time 0. Notice that PLL and 
mucin + EGCg both reach a maximum peak width, which declines 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 xii 
beyond 50%, whereas on mucin they never get that far. Linear least 
square fits to the interval 0-30 minutes gave rates of 0.0002 ± 0.000008 
deg/min and 0.00009 ± 0.000003 deg/min for PLL and mucin + EGCg 
respectively. Mucin alone yields two phase, a fast initial are 
(0.00007 ± 0.000003 deg/min) and a subsequent slow are 
0.00003 ± 0.000001 deg/min.  …………132 
 
A.1  Refraction, reflection and total internal reflection. A. Light travelling 
into media F (dark arrow) will refract into media C and reflect back into 
media F with the C/F relationship dependent on the angle of incidence 
θF. B. Total internal reflection (red arrow) will occur above a critical 
incidence angle, here no light is rerfracted. The Goos-Hánchen shift is 
shown as the dotted red lines.  ………………………………………………..136 
 
A. 2 Laser light travelling through an optical waveguide. Light is confined 
within a high refractive index film (F) and will penetrate into the 
surrounding low refractive index material (S and C). A denotes an 
adsorbed adlayer, D the phase shift and α the angle of incidence. …………...137 
 
B. 1 dn/dc for mucin at 25 oC (top), 37 oC (middle) and 60 oC (bottom) in 
water. …………………………………………………………………………141 
 
B. 2 dn/dc for NaCl (top), NaF (middle)  and NaI (bottom). ……………………141 
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 xiii 
B. 3 dn/dc for 3% w/w mucin + EGCg (top), 0.1% w/w mucin + EGCg 
(middle) and 0.1% mucin + EC (bottom).. ………………………………….142 
 
D. 1 AFM image of 3% mucin concentration dissolved in water and adsorbed 
onto mica. ……………………………………………………………………148 
 
D. 2 Plot of log (speci c viscosity) against log(bulk mucin concentration). 
Straight lines are least squares  ts. The slopes are 1/2 and 3/2.  …………….149 
 
D. 3 Typical force vs separation curves were obtained at three di erent contact 
dwell times were applied: 1.5 s (black); 300 ms (red); and 50 ms (blue). 
Upper traces: extension; lower traces, retraction. The thicker solid line 
represents the theoretical contribution from the hydrodynamic force 
assuming Reynolds squeeze  ow with stick boundary conditions. ………….150 
 
E. 1 Concentration – temperature size dependency of mucin in water. …………..152 
 
 
F. 1 Stribeck curves at room temperature for a smooth hydrophobic tribopair 
(disk r.m.s. roughness ~ 8.6 nm) for various mucin bulk concentrations. 
The master curve is the black curve. Non – shaded area denotes boundary 
regime, grey shaded area mixed regime and red shaded area hydrodynamic 
regime.  ……………………………………………………………………….157 
 
F. 2 Stribeck curves at room temperature for a rough hydrophobic tribopair 
(disk RMS. roughness ~ 382 nm) for various mucin bulk concentrations. 
Master curve is in black  …………………………………………………..…158 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 xiv 
 
F. 3 Stribeck curves at room temperature for a rough hydrophilic tribopair 
(disk RMS roughness ~ 382 nm) for various mucin bulk concentrations. …..159 
 
F. 4 Correlation between saturated adsorbed mass and the observed hU  shift 
( ( ){ }hd Ulog ) and boundary friction drop ( Bdm ). ……………………………160 
 
F. 5 Correlation between desorption characteristic time and the observed hU  
shift ( ( ){ }hd Ulog ) and boundary friction drop ( Bdm ). ………………………160 
 
F. 6 Glycoprotein aggregate size-polyphenol concentration relationship. 3% 
(w/w) mucin solution with varying concentrations (ce) of EGCg.  …………..161 
 
F. 7 EGCg retention time. 1mg/ml stock EGCg solution diluted 1:50. …………..162 
 
F. 8 Retention time of species in media from cells grown on mucin + EGCg 
substrates.  …………………………………………………………………162 
 
F. 9 Retention time of species in media from cells grown on mucin substrates. …163 
 
F. 10 Retention time of species in media from cells grown on PLL substrates. …..163 
 
F. 11 Retention time of species in media spiked with 20µl EGCg 1:10 dilution. …164 
 
 
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 xv 
List of tables 
 
 
2.1 Ions categorised according to the classic Hofmeister series interpretation ……...29 
 
4.1 Adsorption parameters for low concentration mucin. ………………………….68 
 
 
4.2 Adsorption parameters for high concentration mucin ………………………….75 
 
4.3 Desorption parameters for di&erent bulk mucin concentrations. Desorption 
was started 18 min after the start of adsorption. Uncertainties are s.e.m. The 
uncertainty for f 1 is estimated as +/- 0.04. …………………………………….80 
 
4.4 Desorption parameters for di&erent bulk mucin concentrations. Desorption 
was started 60 min after the start of adsorption. Uncertainties are s.e.m.  ……...83 
 
4.5 Adsorption parameters for 0.1% mucin at di&erent temperatures. The units 
of M are µg cm s-1. Msat(meas)
 
is the highest observed adsorbed sat amount, 
and Msat(fit) is the amount calculated from the  tted a assuming θJ = sat 0.54, 
appropriate for spheres and spherocylinders. Rh was determined from the 
dynamic light scattering measurements, and D calculated from Rh using the 
StokesEinstein relation.  ………………………………………………………...93 
 
4.6 Desorption parameters for di&erent temperatures. Uncertainties are s.e.m. 
and errors for f are estimated as +/-0.04. The parameter τ = Γ(1/β)τ /β, 
where Γ is Euler’s Gamma function and τ =1/k, is a measure of the 
“average” relaxation time.  ……………………………………………………...96 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 xvi 
 
4.7 Adsorption parameters for 0.1% mucin  in ultrapure water, 0.2M NaCl, 
NaI and NaF……………………………………………………... ……………..101 
 
4.8 Desorption parameters for 0.1% mucin  in ultrapure water, 0.2M NaCl, 
NaI and NaF. ……………………………………………………………………102 
 
5.1 Mucin desorption parameters from silanized SiTiO2 hydrophobic surfaces. 
Uncertainties are s.e.m. ………………………………………………………105 
 
5.2 Hydrophilic and Hydrophobic saturated mass values for different bulk 
mucin concentrations after 18 minutes of adsorption time. Errors are S.E.M. ...106 
 
5.3 Adsorption parameters for 0.1% mucin mixed with varying concentrations 
of EGCg (0.01-1.0%). ………………………………………………………110 
 
5.4 Desorption parameters for 0.1% mucin mixed with EGCg. Uncertainties are 
s.e.m. …………………………………………………………………………110 
 
 
5.5 Adsorption parameters for 3% mucin mixed with varying concentrations of 
EGCg (0.01-1.0%). …………………………………………………………….112 
 
5.6  Desorption parameters for 3% mucin mixed with EGCg. Uncertainties are 
s.e.m. …………………………………………………………………………112 
 
5.7 Adsorption parameters for 0.1% w/w mucin mixed with 0.2% w/w EC. 
Uncertainties are s.e.m. ………………………………………………………114   
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 xvii 
5.8 Desorption parameters for 0.1% w/w mucin mixed with 0.2% w/w EC. 
Uncertainties are s.e.m ………………………………………………………115 
 
5.9  Desorption parameters for EGCg mixed with water and 0.1% mucin mixed 
with EGCg flowed over an established 0.1% w/w mucin layer. Uncertainties 
are s.e.m.  ……………………………………………………………………….116 
 
5.10 Adsorption characteristics. 0.1% w/w mucin mixed with 0.1% w/w EGCg 
and absorbed at different temperatures on to an SiTiO2 substrate. ……………120 
 
5.11 Desorption characteristics for 0.1% w/w mucin and 0.1% w/w mucin + 
EGCg solutions at temperatures ranging from 25.0 to 37.0 oC. ………………..120 
 
B. 1 dn/dc for all solutions used. ……………………………………………………143 
 
E. 1 Mucin - salt size relation determined using DLS. Rh small relates to the 
globules and Rh large the overall molecule dimensions. ……………………153 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 1 
1. Introduction  
 
1.1  Overview  
The fact that a majority of people now live in cities (and urbanisation will continue to 
rise) means that an increasing number of nutritional need have to be met by processed 
foods rather than the farmers market. The transition to processed foods has often been 
associated with obesity. Here in the UK the number of clinically obese individuals is 
set to rise to 12 million by 2010 [1]. This increase though is not restricted to the UK 
and is instead a systematic worldwide phenomenon that will make obesity one of the 
greatest public health challenges of the 21st century. Concomitant increases in type 
two diabetes, coronary heart disease and cancers are responsible for spiralling 
European health care costs with obesity accounting for 2-8% of costs and 10-13% of 
deaths at present [2].  
 
There are many reasons for the increase in obesity (some of which are socio-
economical although this project will not address these [3]). Improving diet is one of 
the key strategies for reducing obesity (coupled with increased physical activity) that 
will however be addressed.  
 
The drive towards the consumption of low-fat and low-sugar products is therefore set 
to rise although the problem here is that many of the products currently available do 
not mimic well enough their full fat/sugar counterparts. The taste of these low 
fat/sugar products and also their visual perception can be very well manipulated, 
however it is mouthfeel that is most difficult to mimic. It is therefore of great 
importance to understand oral bolus formation, food mixing and mechanoreception in 
detail when designing novel food products.  
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Mechanical perception is vital for food molecule, noxious substance and foreign 
material sensing in the oral cavity [4]. Mechanical stimuli (such as pressure or 
deformation) are sensed via mechanoreceptors. These can be triggered by distortion of 
the mucus layer and underlying mucosa and possibly via direct action on the 
underlying epithelial cells. Alternatively stimulation of free nerve endings or C-fibres 
directly should also effects mechanosensation [5, 6]. The most pertinent example of 
oral mechanoreception is astringency, a dry, puckering sensation and it has been 
suggested that the astringent sensation is to a greater extent related to mechanical 
stimulation. It is a diffuse surface phenomenon, taking many seconds to develop and 
has been linked to a reduction in saliva lubricating properties [7, 8, 9].  
 
It is imperative that the properties of food perception be maintained as it would be 
fruitless to design insipid foods or lacklustre beverages even if they were nutritionally 
well balanced. Patients that receive artificial nutrition such as enteral tube feeding or 
parenteral nutrition show adverse appetite behaviour and are still hungry (or thirsty) 
even if their nutritional requirements are met [10]. The smell, taste and overall 
perception of food in the mouth can impact on the feeling of hunger and appetite [11, 
12, 13]. Understanding the mechanisms of food perception is therefore vital for the 
future development of new (nutritionally beneficial) food products.       
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1.2 Nanotechnology and food 
This section Introduces nanotechnology and then proposes possible future roles within 
the food industry for the techniques that are available today. The future of food 
manipulation will be via the use of nanotechnology techniques and is nothing new as 
cooking can be thought of as nanomanipulation, altering the properties of molecules 
through heating and mixing. For example sauces and dressings are usually a mixture 
of an oil and water phase that results in an emulsion. The benefit of using 
nanotechnology is that it will add an element of control and this section will finish 
with nanofoods that are commercially available at present.  
  
1.2.1 What is nanotechnology and where is it used now 
Nanotechnology is the study and manipulation of processes in biological and non-
biological systems at the sub 100 nm length scale. These systems in general have 
many different chemical, physical and biological properties when compared with 
those of macroscopic dimensions [14]. For example metal nano-particles exhibit 
unique optical properties (surface plasmon resonance) and carbon nanotubes have 
distinctive electrical properties. They can be either metallic or act as semi-conductors. 
It encompasses many of the well established scientific disciplines such as chemistry, 
interfacial science, material science and molecular biology (to name a few) and future 
progress will involve the application and not simply the investigation of these 
properties. The key areas that utilise nanotechnology at present are the 
mircoelectronics, aerospace and pharmaceutical industries with the nanofood sector 
predicted as having great future potential, indeed the market is predicted to grow from 
$2.6 billion to 20.4 billion in America alone by 2010 [15]. 
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1.2.2 Future possibilities – food industry 
Nanotechnology will impact on all four main areas of food production,  
 
· Materials – the use of functional particles, emulsions and nano-
composites/materials for product design. 
· Product – using nanotechnology for controlled delivery and package 
manufacturing. 
· Safety – sensors that detect the properties of the packaged food. 
· Processing – food synthesis using nanotechnology. 
 
Some of these applications are of course speculative future predictions such as the use 
of nanobots that would facilitate the bottom up production of food and are introduced 
as background knowledge only [16]. Indeed the use of sensors for packaging (smart 
materials) and food safety are also not included in the scope of this project.   
 
1.2.2.1 Microencapsulation 
Microencapsulation is at present utilised by the food industry (albeit at micro and not 
nano size dimensions) to encapsulate an active component (gas liquid or solid) by a 
material which isolates it from the immediate environment. These capsules range in 
size from roughly 1 µm to several millimetres and the component can be released in a 
controlled manner via several mechanisms such as mechanical rupture of the capsule, 
temperature degradation, dissolution, ablation and biodegradation. Capsules can also 
be manufactured to enable diffusion across the cell membrane [17]. 
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Lipid-soluble vitamins such as A, D, E, K and β-carotene can be successfully 
encapsulated at present although water-soluble forms prove more difficult. The 
adverse effects of tannins and polyphenols on Fe and the ability of this mineral to 
catalyse the oxidation of other food ingredients (such as fatty acids, vitamins and 
amino acids) suggest that encapsulation is vital when fortifying foods with Fe to 
protect both Fe and other ingredients. Western diets (in particular) lack sufficient 
quantities of Ω-3 polyunsaturated fatty acids, which have been linked to low 
incidences of coronary heart disease and cancer. Fatty acid fortification of food is 
therefore necessary (and will become increasingly so as the main dietary source is 
oily fish, a commodity we are rapidly depleting) and as with Fe these fatty acids are 
easily oxidised (reducing there nutritional value and modifying the sensory 
characteristics) and require encapsulation to enhance their activity [18].  
 
Phytochemical encapsulation is of increasing interest as many of these molecules 
promise potential health benefits, the most pertinent of which being anti-cancer 
activity [19]. Recently epigallocatechin-gallate (EGCg), a green tea polyphenol has 
been encapsulated in liposomes [20], a process which could improve the 
bioavailability of these molecules. This is proposed as a key factor in phytochemical 
effectiveness as cell culture studies very often conflict with in vivo experiments where 
the availability of the molecule may have been compromised [21]. The interaction of 
these molecules at interfaces is therefore extremely relevant for there future 
therapeutic efficacy.   
 
Casein is the highest protein constituent of cows milk (80% by weight) which forms 
micelles to encapsulate and hence concentrate nutrients for the neonate. These 
naturally occurring encapsulates (size ranging from 50-500 nm) can be synthesised 
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and are able to encapsulate the fat soluble vitamin D2 and could be used to fortify low 
fat milk (or even other beverages) with this essential vitamin [22].   
 
Nanoemulsions are formed via an encapsulation process that involves the formation 
of small droplets into which active components can be encapsulated and in general 
this technique prolongs the lifetime of the components. Actives can also be 
incorporated at the interfacial region or continuous phase of the emulsion [23]. 
Multiple emulsions as the name suggests are multiple layered structures such as water 
in oil- in-water (or oil- in-water- in-oil) emulsions. Possibilities for these techniques 
include the separation of two reactive aqueous phase components or for controlled 
release although at present these systems are thermodynamically unstable with a 
tendency to flocculate and coalesce causing the release of any active component [24, 
25].   
 
Multilayer emulsions are typically polyelectrolyte encased oil droplets formed using 
layer-by- layer (LbL) methods which involves the alternate deposition of oppositely 
charged particles that build up the layers (electrostatic deposition). The potential for 
these are that the shell (external layer) properties can be modified to target delivery 
and that particle stability is far superior to that of oil in water emulsions [26, 27].  
 
LbL techniques can also produce nanolaminates comprising of layers (two or more) of 
chemically or physically bonded films [28]. These laminates could be utilised as food 
coatings, forming barriers against adverse moisture and gas effects or forming carriers 
for texture modifying particles, flavour/colour modifiers, nutrient/antioxidant or 
antibacterial additives.  
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1.2.2.1.1 Biodegradable polymers 
Research into the first biodegradable polymer for use in dispersed systems, polylactic 
acid (PLA) began in 1932 although the high cost and its poor resistance to hydrolytic 
breakdown made it unsuitable for medical and agricultural applications [29]. Bacterial 
fermentation production of PLA in the 1980’s reduced the cost and renewed interest 
in PLA, which later saw it combined with polyethylene glycol (PEG) to improve 
intestinal delivery as PLA alone is degraded very quickly by the lower gastrointestinal 
tract [30].  
 
1.2.2.2 Nanocomposite, nanofibres and nanotubes 
It is proposed that the incorporation of clay (approximately 5% by weight) into 
polysaccharide films [31, 32, 33] increases their tensile strength and reduces the water 
repulsive properties of the film. Chitosan is another interesting molecule, itself a 
cationic polysaccharide, isolated from shellfish and derived via the deacetylation of 
chitin is non toxic and presently used in applications such as wound healing and as a 
food preservative. Industrial uses are diverse ranging from waste water treatment to 
the cosmetics industry [34, 35]. 
     
Nanofibres are of little interest at present for the food industry as most of the fibres 
produced at present are of synthetic origin, hence they are not biocompatible. Future 
fibres produced using biocompatible materials should increase nanofibre use within 
the food industry. As with nanofibres there is little or no use of nanotubes as there are 
many associated difficulties pertaining to processing procedures and safety/ethical 
issues i.e. inhalation [36]. More promising is the use of globular proteins such as α-
lactalbumin from milk which self assembles into nanotube structures. Here 
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proteolysis causes the self assembly into nanotubes when calcium is added [37, 38, 
39, 40].   
 
1.2.3 Nanofood today 
At present nano food products are not available for purchase in Europe although they 
can be found globally with microencapsulation already being used to manufacture 
several products. Indeed there are no regulations that governs nanofoods in the United 
States whereas Europe have regulatory controls albeit that at present these have not 
been implemented. It may therefore be that European manufacturers are fearful of 
public perception and not regulatory bodies at present. Some global examples include 
chocolate flavour chewing gum which has in the past been problematic to produce as 
cocoa added to gum adversely effects its properties. Encapsulating the cocoa for 
release upon mechanical rupture provides a chewing gum packed with chocolate 
flavour. Vitamin C is encapsulated in cooking oil, Omega-3 in orange juice and bread 
produced for the Australian market contains encapsulated Omega-3 (tip-top) [41].  
 
An increase in nanomanipulation of food molecules (encapsulation etc) will result in a 
concomitant increase in novel particles at biological surfaces. A greater knowledge of 
biological interfaces (and in particular their response mechanisms) are imperative for 
understanding the future impact that these novel compounds will have on individuals.  
 
1.3 Biological surfaces 
The first point of contact for food products (either manipulated or not) are the body 
surfaces. This section introduces the relevant body surfaces of interest and the 
nervous system that transmits the mechanosensation. 
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1.3.1   The skin 
Skin is the largest organ of the human body and accounts for approximately 16% of 
total body weight. There are two layers, the dermis and epidermis that are separated 
by the basal lamina. In addition skin also contains hair follicles, sweat glands and oil 
producing sebaceous glands. The main functions of the skin are barrier formation, 
environmental communication and minimising water loss. Additional less 
characterised roles include vitamin D formation and temperature regulation [42]. 
 
1.3.1.1  Epidermis 
The outer epidermis is several layers thick, consists mainly of keratinocytes and has 
stem cells at the basal layer that proliferate to produce new cells. Keratinocytes 
differentiate as they age forming the stratified layers of the skin which are eventually 
exfoliated into the environment as corneocytes from the Stratum corneum. Other cell 
types found in the epidermis are pigment-producing melanocytes, neuronal Merkel 
cells and immune system cells that include antigen presenting Langerhans cells and T-
lymphocytes. 
 
1.3.1.2 Stem cells 
Stem cells are undifferentiated cells that can proliferate to produce additional 
undifferentiated cells. An undifferentiated cell has the ability to become more than 
one of the 220 cell types there are in the human body. Totipotent stem cells are able to 
become any cell type, for example eggs released from the ovary are totipotent 
whereas multipotent stem cells produce many different cell types that are generally 
organ specific and unipotent stem cells are able to produce only one cell type such as 
the keratinocyte stem cell of the skin [43].      
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For skin the inter-follicular stem cells of the epidermis proliferate to renew the 
stratified epithelia above them. Stem cells are also located in glabrous epidermis and 
at the hair follicle. During wound healing, hair follicles, sebaceous glands and inter-
follicular epidermis can all be reconstituted by multipotent stem cells found at the hair 
follicle. The bulge region of the hair follicle is therefore thought to be the major 
multipotent stem cell pool site [44]. 
 
1.3.1.3 Basal lamina 
This is a membrane no thicker than 60-120 nm that separates the epidermis and 
dermis. The basal lamina is made up of extracellular matrix (ECM) components such 
as laminin and fibronectin that are produced by the surrounding cells. Its main 
function is as a base on which cells can adhere and where necessary migrate along. 
Epidermal basal cells bind to laminin through integrin receptors on one side of the 
membrane whilst a collagen rich layer facing the dermis binds the connective tissue 
[45].  
 
1.3.1.4 Dermis 
The dermis is constructed of connective tissue that has a significant ECM. This serves 
to protect, support and bind the epidermis to the underlying muscle. Fibroblasts are 
the main cellular constituent of the dermis and produce most of the collagen and 
elastin that make up the bulk of the ECM. Collagen is an insoluble protein fibre that 
gives strength to the tissue whilst elastin as the name suggests is a fibre with flexible 
elastic properties. Adipocytes or fat cells are present here with their role being energy 
storage and insulation, whilst blood vessels and lymphatic vessels vascularise the 
dermis but do not cross the basal lamina. In addition the nervous system innervates 
both the dermis and the epidermis [46].  
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The interface between the dermis and epidermis is often depicted as a flat horizontal 
layer of epithelia although in reality this is untrue. The basement membrane instead 
undulates like a wave increasing the shear strength of the skin [45].   
 
1.3.1.5 Hair follicle, sebaceous and sweat glands 
Hair covers almost all of the body and is a very important sensory structure. The hair 
follicles are invaginations of the epidermis into which the hair sits. Each follicle is 
supplied by a sebaceous gland that secretes sebum (oil) onto the skin. The erector pilli 
muscle attached to the hair shaft can be instructed to erect the hair under nervous 
control and when erect sebum is also released into the follicle. A neural net at the base 
of the hair follicle transmits both sensory signals received from the hair and signals 
from the central nervous system (CNS). Sweat glands are used for temperature 
control, located in the dermis and release water (and salts) onto the surface of the skin 
[47].  
 
1.3.2  Mucosa and their innervations (nerves) 
The term mucosa pertains to the body cavity epithelial coated mucous membrane 
linings that develop from mostly endodemal origin tissue with the best known 
examples being the respiratory system, gastrointestinal tract and urogenitary tract. The 
structure is epithelial tissue similar in many ways to that of the skin with the main 
difference being the presence of the lamina propria, a thin layer of loose connective 
tissue [48]. 
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1.3.2.1 Oral mucosa 
The oral mucosa is the stratified squamous epithelia of the mouth of which there are 
three types. 
· Masticatory mucosa which is keratinized (in a similar manner to that of the 
skin) and found at the rear of the tongue (dorsum), the anterior roof of the 
mouth (hard palate) and at the gums (gingival).  
· Lining mucosa which is not keratinized and makes up most of the rest of the 
oral cavity lining including that lining the cheeks (buccal mucosa). 
· Specialized mucosa pertaining to the taste bud papillae. 
 
Lower cavity mucus secretion occurs via the submandibular gland and the mandibular 
gland whilst the paratoid and accessory paratoid gland (via the paratoid duct) secrete 
mucus at the palate [49].  
 
1.3.2.2 Gastro Intestinal tract mucosa 
The gastric mucosa pertains to the lining of the stomach with a morphology that 
consists of a single layer of columnar epithelium cells. Dispersed within the epithelial 
lining are goblet cells and gastric glands [50]. The intestinal mucosa or lower 
gastrointestinal tract comprises of the small intestine (duodenum, jejunum, ileum), 
large intestine (cecum, colon, rectum) and anus. The structure of the layer is similar to 
that of the gastric mucosa although here there is an additional thin layer of muscle 
(muscularis externa) that is involved in peristalsis [51]. 
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1.3.2.3 Additional mucosa  
There are other mucosa that will not be directly relevant to this project (at present) 
such as the endometrial mucosa, a specialised mucosal lining that lines the inside of 
the blood vessels, the olfactory mucosa that line the inside of the nose and the mucosa 
of the eye.   
 
1.3.3 Nervous system 
For all organisms, including those that are unicellular the ability to sense and react to 
the environment is essential. Higher animals such as humans use a nervous system 
consisting of the CNS and the peripheral nervous system (PNS).  
 
Most neurons of the nervous system share the same basic structure consisting of a cell 
body (soma) that contains the nucleus (where almost all proteins are produced), 
dendrites that protrude from the soma and form connections with other neurons and 
an axon (a very long dendritic outgrowth from the soma) containing terminal axons at 
the point furthest from it. There are two types of mammalian neurons. 1. Multipolar 
inter-neurons that have many dendrites each of which receives synaptic information 
from other neurons. The interneurons are primarily located in the CNS and the axon 
carries information to other neurons via the terminal branches. 2. Mammalian motor 
neurons though have less dendrites and an axon that extends to effector cells, they are 
myelinated and are predominantly of PNS origin.  
 
Schwann cells insulate the axon by wrapping a portion of their membrane around it 
that during development (and repair) squeezes out the water. Myelination is important 
as it increases the velocity of the action potential [52]. Axons conduct changes in 
electrical potential across the cell membrane (action potentials). Neurons have a 
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resting potential of around -60mV that rises to as much as +50mV at the peak of an 
action potential. The action potential is an opening of cell membrane channels that 
allow positive ions to flow into the cell. The potential is transmitted along the axon to 
induce action in another cell via a synapse. These can be either a chemical synapse 
that involves the release of neurotransmitters from the synaptic cleft at the end of the 
axon or an electrical synapse that acts through gap junctions on the adjacent cell [53].  
 
1.3.3.1  Specialised neuron receptors (mechanoreceptors) 
Specialised neurons are responsible for registering mechanical stimulation or 
distortion. Large Pacinian corpuscle receptors belong to the rapidly adapting receptor 
family, acting like a switch to the onset of pressure and to higher vibration signals. 
They are mainly found in deep subcutaneous tissue and near joints. These respond to 
large changes and vibrations and as such are of little interest when studying the 
mucosa [54].  
 
Meissners corpuscles are numerous at the mucosa, are stimulated by pressure (touch 
response) and are located at the tips of the dermal papillae. Also found at the mucosa 
are Ruffini endings, thin flattened and encapsulated nerve endings that respond to 
stretching of the skin [55]. These also respond to heat whereas the bulboid corpuscle 
responds to cold. The Merkel discs are the most sensitive of the mechanoreceptors to 
low frequencies (5 to 15 Hz) and are slowly adapting, essentially they continually 
sense pressure differences [56]. 
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1.4 Research objectives and methodology 
Research objectives 
· Develop advanced theoretical understanding of body surface response to 
external stimuli. 
· Develop model systems for measuring response in situ using novel 
instrumentation. 
 
External stimuli response may be viewed as hierarchical whereby the molecules 
detected may first interact with the mucus layers and then the underlying/attached 
cells before finally triggering a nervous system signal. This work therefore follows a 
structured approach, investigating first the characteristics of the major component 
(mucin) of the mucosal layers. Temperature and solute effects are investigated and 
then mucins interaction with biologically relevant active compounds are further 
characterised. Cell morphological responses to actives are then investigated. We limit 
the scope of this study to the adsorption/desorption, nanostructure and nanoscale 
mechanical sensing at the mucosal interfaces. Nervous system signalling and mental 
perception of feel is not investigated here.    
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2. Background and literature review  
 
The objective of this research is to further understand the trans-mucosal delivery and 
sensory attributes of the mucosal layer. The research is essential as the growth of 
nanotechnology will inevitably lead to an increase in its application to food products. 
How will these be perceived? Will the integrity of the layer be compromised by 
manufactured products? Is it possible to traverse the mucosal layers, easily and 
without adverse effects for applications such as drug delivery? These are some of the 
questions that will require a profound knowledge of the mucosal layers. They also 
protect the underlying epithelia from mechanical damage by lubricating the surface 
and structural properties of the layer should also provide key insights into the 
structure-function relationship. A priori knowledge of protein adsorption at 
solid/liquid interfaces is essential due to the interfacial nature of the mucosa. Indeed 
the addition of other molecules (e.g. food molecules) at the surface adds additional 
complexity to the problem. This chapter will present the current situation, the 
challenges faced by the field and how this work will take the field further. 
 
2.1 Proteins, polyelectrolytes and polyampholytes  
Polypeptides (proteins), glycoproteins and deoxyribonucleic acid (DNA) are a few 
examples of biologically relevant polyelectrolytes. Polyelectrolytes are polymers with 
electrolyte groups, some of which are used in mucoadhesive systems (such as food 
and personal hygiene products) as modifiers of rheological or structural properties.  
The electrolyte group charges the polymer chain and the molecule retains both the 
properties of the salt (charge) and of the polymer (flexibility) [57].  
This chapter will first review proteins, the best studied molecules and continue onto a 
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brief overview of polyelectrolytes followed a review of polyampholytes. The 
emphasis will be on adsorption. Also the effects of salt as these are inextricably linked 
with mucosa and temperature as the function of these interfaces span wide 
temperature ranges and salt concentrations. 
 
2.1.1    Protein structure 
The inherent conformation of a protein is determined by its amino acid sequence and 
the conformations of proteins generally fall into two catagories, globular (closed 
proteins) and fibrous (unfolded). The globular proteins are numerous and by far the 
most common and well studied category and tend to have their apolar side chains 
located at the interior of the protein whilst polar residues are found at the exterior. 
Fibrous proteins however are elongated and flexible, typically with characteristic 
subdomains which arrange as globules analogous to beads on a string [58, 59]. This 
natively unfolded conformation is the most relevant for this project as this mucin is 
believed to fall into this category. The conformation also affects the adsorption 
characteristics of proteins such that the fibrous proteins (when compared to globular) 
should undergo major inter-globular rearrangement when binding the surface [57, 60].  
 
2.1.2    Protein adsorption 
Protein adsorption at solid liquid interfaces is an essential process for most (if not all) 
biological systems. Signalling processes, for example in plants, bacteria and 
eukaryotic organisms, very often require the binding of one or more molecules to a 
substrate whilst protein attachment to implants is the first step in implant- induced 
thrombosis [61]. Their adsorption behaviour is complex and the vast array and 
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diversity of proteins makes the field byzantine and overall poorly understood [62, 63, 
64].  
 
The adsorption of simple uncharged homopolymers is driven by changes in enthalpy 
(the internal energy of a system) and restricted by conformational entropy (the ability 
of a system to respond to change). Protein adsorption per se is more complex, as 
many enthalpy and entropy factors are involved. Enthalpy forces include van der 
Waals and electrostatics between the surface and the protein occur at distances of a 
few angstroms. Whilst entropic factors such as counter ion release and protein 
molecule conformational changes during adsorption add to the complexity of protein 
adsorption [65]. 
 
The surface free energy is an important characteristic of the surface properties and 
relates to the distribution of inter-molecular bonds formed when the surface is created. 
An interpretation of the surface energy (or wettability) of a surface can be obtained by 
contact angle measurements. Here a water droplet is placed on the surface and the 
contact angle at one edge of the droplet is measured. A low contact angle indicates 
that the droplet is sitting high on the surface and that the surface is hydrophobic and a 
high contact angle implies that the droplet spreads and that the surface is hydrophilic. 
Surface charges are also important characteristics.  
 
When the protein first adsorbs, the binding energy between the proteins anchoring 
point and the surface will be small. Typically proteins will readily adsorb to surfaces. 
Further relaxation of the molecule after adsorption affects the overall energy state. 
These relaxation processes generally have longer timescales than those of adsorption 
and include surface diffusion and post adsorption conformational changes. For an 
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adsorbing protein, which undergoes large conformational changes, non-electrostatic 
forces are dominant whereas the opposite is true for proteins which change very little 
[66, 63]. Once on the surface proteins may diffuse and it is also possible that some 
molecules could desorb. This however is highly unlikely as most proteins adsorb 
irreversibly. Finally the molecule may continue to spread, forming further bonds with 
the surface [67].  
 
Even spheroidal proteins can show bulk concentration dependent post adsorption 
transitions [68] providing clues for assessing conformation. These e ects are more 
marked (and have been quite thoroughly investigated) for the adsorption of  brous 
proteins from a liquid suspension at a solid surface [69, 70, 71]. This is in contrast to 
proteins such as lysozyme, RNase, cytochrome c and subtilisin which undergo very 
little post adsorption transitions. For example lysozyme adsorbs as a monolayer, with 
an adsorbed layer thickness of approximately 3 nm on silica (determined using 
ellipsometry). This suggests very little change in conformation upon adsorption as the 
molecular dimensions of lysozyme in the bulk is typically 3 x 3 x 4.5 nm) [72].  
 
Adsorption becomes increasingly complicated when more than one type of protein 
compete for adsorption. For example, let us imagine a protein that diffuses very 
quickly and has a low affinity for the surface and a protein which diffuses slower but 
has a high surface affinity (very often this is the larger protein). The faster diffusing 
protein will initially occupy the surface. The arrival sometime later of the second 
protein displaces the first as it has a higher affinity for the surface. This is known as 
the Vroman effect [73].   
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The adsorption behaviour of even larger and more complex biomolecules such as 
mucin has been much less comprehensively investigated. Malmsten et  al  have 
performed some initial investigations and on two mucins, porcine gastric mucin 
(PGM) and rat gastric mucin (RGM). These adsorbed onto surfaces in very thin layers 
of between 50-80 nm which is much smaller than the molecules radius of gyration, 
measured at ~ 200 nm [74]. Other molecules which behave in a similar manner are 
proteoglycans, made up of a protein core with covalently bound, carboxylated and 
sulphated glycosaminoglycans. Proteoheparan for example forms adsorbed layers 
which are much thinner than would be expected for such a large protein [75, 76].  
 
For this work it was hypothesised that mucin would show bulk concentration 
dependent adsorption as their daisy chain conformation in solution is analogous with 
fibrous proteins such as fibronectin. In addition the layer thickness should be thinner 
than that which would be expected from the molecular weight of the mucin.  
 
2.1.2.1    Protein adsorption kinetics 
The study of protein kinetics is one of the most effective methods for extracting 
further the parameters which characterise the protein. The advances in label free 
sensing equipment [77] have led to a better understanding of the more widely studied 
proteins (albumin and fibrinogen) at solid liquid interfaces [63, 66]. Many proteins 
such as albumin, fibrinogen, γ-albumin and globulin adsorb onto a solid/liquid 
interfaces in a monolayer conformation [66]. On the other hand some fibrous proteins 
are known to form multi- layers upon adsorption [75].  
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2.1.3   Modelling adsorption kinetics  
The complex nature of proteins makes modelling difficult and to date there is no 
single universal protein adsorption model. It helps if the proteins are thought of as a 
colloidal particle. Several models can then be applied such as Langmuir and random 
sequential adsorption (RSA), although one must always consider the limitations of 
each before using. Whilst a brief overview of adsorption models is discussed here this 
work makes use of the RSA model and as such the majority of this section will be 
devoted to RSA. Adsorption models are reviewed extensively in Schaaf, Voegel and 
Senger [78].  
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2.1.3.1     Adlayer formation 
It is first necessary to understand the manner in which an adsorbed layer (adlayer) is 
formed at the interface as molecules adsorb from the bulk solution onto the surface.  
 
 
Figure 2.1: Schematic drawing showing idealised adsorbed protein layer, where the 
cover layer (C) contains molecules in solution at concentration Cb, the layer formed 
(A) and thickness (dA) and the substrate F onto which the particles adsorb. Adapted 
from Ramsden (1995) [68]. 
 
The molecules adsorb at the substrate (F) from the bulk solution (C) as an adlayer (A) 
whose thickness is defined as dA (Fig. 2. 1). When investigating protein adsorption the 
most important factor is Γ (mean mass of molecules at the interface) which is related 
to the surface coverage θ by Γ = θm /a where m is the mass and a the area of the 
molecule [77].   
 
 
A 
C 
F 
dA 
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2.1.3.2   Diffusion limited adsorption 
For this simple model, diffusion is the limiting factor and particles adsorb irreversibly 
with a probability of one [79]. There are two limitations for this model. First, the 
surface characteristics during adsorption are neglected. Second, diffusion is only 
limiting during early adsorption as more molecules arrive at the surface with time and 
will impede adsorption. The probability will no longer be one.  
 
2.1.3.3  Langmuir model 
Here all of the surface that is not already covered can be used for adsorption with 
function Φ(θ) = 1-θ with Φ being the surface area available and θ surface coverage 
[80]. 
 
2.1.3.4  Random sequential adsorption (RSA) 
The random sequential adsorption model presumes that particles arrive one after 
another at a solid substrate in such a manner that they do not overlap. The substrate is 
assumed to be smooth and the particles rigid and homogeneous. When coming into 
contact with the substrate, particles will only attach if there is space, therefore if any 
section of the adsorption site is occupied by another molecule, the particle will return 
to the bulk solution [68, 81, 82, 83, 84].  
 
As the molecules adsorb onto the surface their geometrical shape will impact on the 
available surface for further adsorption. After a time adsorption will stop as the 
surface becomes jammed. This is the jamming limit (θJ) (e.g. a sphere has θJ ~ 0.547). 
The available area is at first close to one but as the molecules start to adsorb and the 
surface becomes more occupied the corrections become increasingly prominent [85]. 
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At a certain point the surface cannot accommodate further adsorption, despite there 
being space, and the jamming limit is reached [86]. The limitations of the RSA model 
are that only monolayers can be considered and it is a simplified model of what is 
actually occurring at the surface it cannot for example account for surface mobility. 
 
It is anticipated that the RSA model will be relevant for mucin due to the large size of 
this molecule. The mass adsorbed, molecule area and jamming limit are powerful 
parameters that can be extracted and used for evaluating protein characteristics such 
as adsorption rate coefficients at the solid/liquid interface [68, 87].  
 
2.1.3.5    Modelling adsorption characteristic using RSA  
First one must determine the most appropriate model (Langmuir or RSA), which can 
be determined by plotting dΓ/dt vs Γ. For the Langmiur model a straight line fit is 
possible but it is not possible for the RSA model (Fig. 2. 2)  
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Figure 2.2: Representative schematic plots of dΓ/dt vs Γ plots of protein adsorption  
for the Langmuir and RSA models where Γ is the mean mass of molecules at the 
interface and dΓ/dt the derivative of  Γ as a function of time (t).  
 
Fitting the dΓ/dt vs Γ slope with RSA (Appendix A, equation A. 9) provides the 
adsorption rate and molecule size (adsorbed) using 
 
( )aMck
dt
dM
a ,*j=        (1) 
  
where ka is the adsorption rate coe cient, c* is the e ective concentration in the 
vicinity of the adsorbent surface (we shall assume that c*~cb), φ is the available area 
function and a is the area occupied per molecule. The statement dM/dt versus M is 
related to M by  
Γ 
dΓ
/d
t 
RSA 
Langmuir 
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a
mM Jq=
          (2) 
 
where m is the mass per molecule, and θJ is the jamming limit [88].  
 
2.1.4    Proteins – temperature effects 
Increasing the temperature above a critical temperature alters the tertiary (and 
occasionally secondary) structure of proteins causing denaturation, a good example of 
which can be observed when one cooks an egg. Here the albumin proteins of the 
white are denatured resulting in aggregation and a visible colour change. This type of 
denaturation is irreversible but many proteins can be reversibly denatured, returning 
to their native conformation once the temperature is lowered [89].  
 
One can think of thermal denaturation of proteins as an unfolding of the protein as 
tertiary bonds are broken and the structure expands upon heating. This is the classic 
interpretation of thermal denaturation. There are however examples of proteins that 
exhibit inverse temperature dependence. Examples of which include insulin [90], 
amylases [91], elastin [92, 93, 94], lysozyme and ribonuclease A [95].      
 
It is important to investigate temperature dependence as many poikilothermic 
organisms exist at varying temperature ranges. It is already well established that the 
enzymes (themselves proteins) of microbial extremophiles have subtly di erent 
amino acid sequences from those of their relatives living at normal temperatures. In 
other words, nature has solved the problem of altering enzymes to work at di erent 
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temperatures. However, an enzyme adapted to high temperature functions badly at 
low temperatures, just as the ordinary versions of the enzyme function badly at high 
temperatures. The enzymes (and other proteins) of poikilothermic organisms require a 
more sophisticated adaptation that allows them to function over a broad range of 
temperatures. Mucins are present across all animal phyla and must function at many 
temperatures. Teleosts for example live in the subzero temperatures of the Antarctic 
Ocean, and at another extreme desert ants such as Cataglyphis bicolor forage at 
temperatures that can exceed 60 o C [96]. Indeed temperature dependence is also 
relevant for humans as body temperature will vary e.g. marathon runners body 
temperature will increase to ~40 oC [97, 98] whereas the body temperature will lower 
during major heart surgery (cardioplegia) [99].  
 
Conformational relaxation is proposed as an inverse temperature dependence 
mechanism for some enzymes. Here rapid relaxation occurs at the active site during 
catalysis and as the enzyme binds the substrate the active site is no longer in 
equilibrium with the rest of the molecule. This induces strain, altering the surface 
energy on which the reaction takes place. Successive relaxation steps for the enzyme 
(once bound) involve the making and breaking of many weak bonds albeit at a slower 
rate than the catalysis reaction [100, 101]. The enzyme reaction rate should therefore 
exhibit inverse reaction rate (Arrhenius) behaviour as the conformational relaxation of 
the molecule is accelerated by an increase in temperature therefore leaving less time 
for the strained molecule to increase the reaction rate. 
 
Thermal denaturation of fibrinogen [102] and β- lactoglobin [103, 104] leads to an 
increase in adsorbed mass. This is most likely due to the increase in degrees of 
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orientation and the exposure of sites that can bind the substrate. For this project it is to 
be expected that mucin will behave in a similar manner. 
 
2.1.5    Proteins - the Hofmeister series 
The presence of salts in the bodily fluids has a profound effect on many proteins. 
Adding salts in vitro alters the solubility of proteins in solution. For low 
concentrations of salt the solubility can be increased (salting in) as oppositely charged 
counter ions surround the protein. They screen it and reduce electrostatic activity with 
the solvent which leads to increased solubility (Debye-Huckel theory) [105]. High salt 
concentrations will reduce the solubility and precipitate the protein. The large quantity 
of salt ions interact with the solvent reducing its ability to solvate the protein and 
hence it is precipitated. 
       
As biological processes take place in the presence of salts the Hofmeister series is 
highly relevant for understanding further the behaviour of proteins. This series is 
concerned not only with the salting in and salting out effects but also the effect of ions 
on water structure. Aggregation and adsorption of are important factors in biological 
systems e.g. the immune response where complexes are formed during blood clotting 
and are affected by salt concentration and type.  The Hofmeister series is 
characterised as having the following effects. 
· Active at moderate to high salt concentrations of 0.01-1M, 
· Sodium chloride (NaCl) is effectively the cross-over point and has only a 
small effect on behaviour, 
· Effects are additive over all salts, 
· Anions dominate (change solubility more than cation for a given change in 
radius). 
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Structure makers, termed kosmotropes, interact strongly with water molecules and 
stabilise protein whereas chaotropes are structure breakers, interacting weakly with 
water and destabilising biomolecules (Fig. 2. 3). Generally, kosmotropes stabilise the 
native conformation and for enzymes the result is enhance activity, presumably 
because the native conformation is the active state. There are however exceptions, 
such as NADP-glyceraldehyde-3-phosphate which increases its activity in the 
presence of chaotropic salts. Haemoglobin also has reduced oxygen affinity in the 
presence of monovalent anions. The authors suggest that the solute affects the tensed 
(T) and relaxed (R) equilibrium of the haemoglobin subunits [106]. 
 
KOSMOTROPE                                                                                                               CHAOTROPE 
Anions F- PO43- SO42- CH3COO- Cl- Br- I- CNS-         
Cations (CH3)4N+ (CH3)2NH2+ NH4+ K+ Na+ Cs+ Li+ Mg2+ Ca2+ Ba2+ 
 
Table 2.1: Ions categorised according to the classic Hofmeister series interpretation.   
 
The mechanism of the Hofmeister series has yet to be clarified. The challenge which 
faces the series is that the correlation of experimental results with a single Hofmeister 
parameter is not possible. This is due to the nature of the components involved. All 
proteins differ in conformation and subtle environmental changes are usually all that 
is required to induce large-scale molecule changes. Therefore each biomolecule has to 
be studied individually [107, 108].  
 
Recently Dér et al have shown that for the natively open proteins one expects inverse 
Hofmeister behaviour whereby kosmotropes should destabilise structure and 
chaotropes should stabilise [109]. If this is indeed the case one would expect for these 
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mucin investigations that chaotropes should stabilise the native conformation and that 
adsorption may be increased. Although it may be the case that post adsorption 
conformational changes (if these occur for this molecule) could be inhibited and the 
absorbed amount may be decrease. Kosmotropes should destabilise mucin and this 
may lead to a partially denatured, unravelled molecule which in theory should adsorb 
much more readily.  
 
2.1.6   Polyelectrolytes 
Dependent upon their dissociation constant, polyelectrolytes can be either weak or 
strong. Those which dissociate well in solutions of intermediate pH are called strong 
whereas as those that only partially dissociate are called weak. Changing the solution 
pH or ionic strength will alter the net charge of polyelectrolytes in solution. The 
physical properties of polyelectrolytes are directly related to their degree of charging. 
During adsorption at a surface, counter- ions may be released into the solution [110].  
 
2.1.7    Polyampholytes 
Polyampholytes are polyelectrolytes which contain both cationic and anionic charges. 
Due to the competition between charges the physical behaviour of these molecules are 
more complicated than those of single charge polyelectrolytes. Gelatin (denatured 
collagen), bovine serum albumin (native conformation protein) and synthetically 
produced co-polymers are all examples of polyampholytes. If polyampholytes are 
weak then altering the solution pH will alter the charge of the polyampholyte and at 
pH values far from the isoelectric point (pH at which protein carries no net charge) 
the polyampholytes behave as polyelectrolytes [111].  
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2.1.7.1  Polyampholyte behaviour in solution 
In the 1950’s five basic properties were suggested for dilute polyampholytic solutions 
that have been confirmed by many further studies 
 
· The conductivity, coils size and viscosity of polyampholytes are at a minimum 
when at the isoelectric pH. 
· Polyampholytes only dissolve at pH values far from, and precipitate at values 
close to the isoelectric point. 
· Viscosity and size increase with the addition of salt. 
· Viscosity and size decrease at pH values far from the isoelectric point. 
· Viscosity and size in water have a minimum that relates to co-polymer 
composition. 
  
Due to the random nature of charges along the polyampholyte backbone most natural 
polyampholytes are asymmetric. These have a structure in solution which is random, 
similar to that of a denatured protein and the conformation is that of a daisy chain 
(beads on a string) (Fig. 2. 3). 
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Figure 2.3:. Daisy chain configuration of an asymmetric polyampholyte. Beads (B) 
are separated, through electrostatic repulsion by length (lER).   
 
Here the beads (B) are repelled via electrostatic repulsion at a length of lER [112]. This 
is the structure, in solution, of the mucin used in this project [113].  
 
Polyampholytes in solution are catagorised as [114]  
· Dilute – very low concentration, chains infrequently contact each other.  
· Semi-dilute – increasing concentration, chains will periodically become 
entangled. 
· Entangled – very high concentrations, chains will frequently entangle.  
  
2.1.7.2    Polyampholyte adsorption 
Initially the desire by the photographic industry to understand gelatin adsorption 
stimulated interest in polyampholytes at interfaces. Gelatin, a polypeptide co-polymer 
can be either cationic or anionic (dependent upon pH) and maximum adsorption 
occurs close to the isoelectric point. In experiments using mica as the substrate 
(negative charge) the gelatin adsorbed well even if the molecule also had a net 
lER 
B 
B 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 33 
negative charge. Therefore the gelatine binds using its positive groups that bind 
ionically with the negative surface charges [110]. 
 
2.1.7.2.1   Polarization-induced attraction model 
The polyampholyte chain monomers (of opposite charge) will be pulled in opposite 
directions, elongating the chain. The polarization- induced attraction model suggests 
that the asymmetric polyampholyte chains become polarized and adsorb as elongated 
chains within the electric field of a charged substrate [115, 116]. The electric field [E 
(z)] with a number of charges per area decay from the surface (σ) can be represented 
as    
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when λ = (2pi lBσ) Debye length, lB the Bjerrum length, z the height of the electric 
field, e the elementary charge of the solvent and ε the dielectric constant of the 
solvent. For the polarization- induced attraction model there are three regimes. The 
first is the pole regime (z < λ) where the chain size increases linearly with σ as it is 
held in the extended conformation in the electric field (Fig. 2. 4). 
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Figure 2.4: Pole regime of asymmetric polyampholyte adsorption. The charges 
decrease from the surface at length λ and D the chain size, extended from the surface 
by the electric field. Adapted from Dobrynin [111].   
 
where D is the chain size perpendicular to surface. As the surface coverage (σ2) 
increases, λ decreases (as an increasing number of surface charges are utilised by the 
protein) until the chain size at the surface is equal to that of λ. At surface densities 
above σ2 the molecules adsorb in a fence configuration where the chain is restricted 
to lambda (Fig. 2. 5). 
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Figure 2.5: Fence regime of asymmetric polyampholyte adsorption. The decrease in 
free surface charges as the polyampholyte attaches further decreases λ. Adapted from 
[111]. 
 
A further increase of surface area coverage (σ3) results in the formation of pancake 
structures. Here all opposite charges (compared with those of the surface) are 
constrained within λ whilst surface equivalent charges are suspended as loops in the 
covering media outside of λ (Fig. 2. 6).  
 
 
 
Figure 2.6: Pancake regime of asymmetric polyampholyte adsorption. λ is reduced 
further as the free surface charges are occupied further. All molecule charges which 
oppose the surface are within λ whilst all surface equivalent charges are above. 
Adapted from Dobrynin [111].   
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2.1.7.2.2  Multilayer adsorption  
The polyampholytes adsorb as multilayers forming stretched chains and pseudobrush 
structures (Fig. 2. 7) [114]. 
 
 
Figure 2.7: Multilayer adsorption regime of asymmetric polyampholyte. A denotes 
stretched chains and B pseudobrush structures. 
 
The mucin used for this project should therefore adsorb in this conformation. 
 
2.1.8  Polyampholyte salt effects 
Katchalsky and Miller (1954) found that increasing the acidic properties of the 
copolymer increased the dissociation of bases from the polyampholyte at a given pH. 
Dissociation is reduced when salt is added as the electrostatic interactions are 
screened [117]. The viscosity decreases as the number of charged groups increases, 
reducing the size of the polyampholyte [118].  
 
Increasing the salt concentration initially leads to a decrease in viscosity, most 
probably due to electrostatic screening which extends the chains. Adding further salt 
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reverses this. Increasing the viscosity and swelling the chains as the local charge 
attractions are screened, in turn condensing the polyampholyte [119].   
 
2.2   Mucin 
This section introduces mucin, a heavily glycosylated glycoprotein, which is the 
largest constituent of the mucus layer. Humans secrete a mucosal layer the majority of 
their body surfaces, such as the oral cavity, gastrointestinal tract, respiratory airways 
and surface of the eye [120]. The major component of the mucosa is mucin (Fig. 2. 8), 
a high molecular weight glycoprotein that is found across all animal phyla. For 
humans there have been 19 mucin genes [121] characterised thus far. Many mucin 
genes are tissue-specific and the glycosylation configuration within a tissue can also 
vary between individuals suggesting a recognition role for these molecules. They are 
able to identify non-host (hostile) microbes and also ‘self’ such as during fertilisation 
and when communicating with the outermost epithelial cell layer of the body surface 
[122].  
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Figure 2.8: Schematic diagram of mucin molecule which consists of a central protein 
core with branched glycosylated side chains. Adapted from reference [120].  
 
2.2.1   Mucin structure 
The structure consists of a protein backbone that is heavily glycosylated 
(approximately 50-80% by weight of the molecule is made up of sugar moieties). 
Mammalian mucins in general contain fucose, galactose, N-acetylglucosamine, N-
acetylgalactosamine and sialic acid with a relatively small quantity of mannose also 
present. Figure 2. 9 shows a schematic representation of the mucin sugar chains, the 
majority of which are linked via O-glycosylation to one of the numerous serine or 
threonine amino acids through the N-acetylgalactosamine (GaN) sugar. There are a 
small number of N-glycans that are linked via asparagine residues and some C-
mannosyl residues linked through the tryptophan amino acid [120].   
 
Branched 
sugar side 
chains 
Protein 
backbone 
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Figure 2.9: Scheme depicting mucin carbohydrate chains. Adapted from reference 
[120]. 
 
Mucin has diverse roles ranging from lubrication [122, 123, 124] (e.g. as a component 
of the fluid between the eyelid and cornea, saliva, gastro- intestinal tract, lungs and 
airways) through to an immune system role whereby invading bacteria are engulfed 
and neutralized by the mucus layer. The outstanding lubricating properties of mucin 
have been linked to its ability to adsorb to surfaces of practically any chemical nature, 
forming a layer that retains water. This creates a repulsive force that greatly reduces 
friction between surfaces [125, 126]. Mucins are therefore key components of saliva 
and the ability of saliva to adsorb onto surfaces is due to mucin’s film forming 
properties [127, 128]. Consequently when mucin based saliva substitutes are tested 
they lubricate and reduce wear better than their saliva counterparts [129, 130]. 
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Regulation of both membrane bound and secreted mucins also have a role during 
tumor development, [131] such as the reduction of cell adhesion due to corrupted 
expression, releases cells into circulation thus facilitating metastasis [132, 133]. 
 
2.3  Catechins 
The focus of this project is to characterise the mucosal layers and investigate the 
mechanical, structural and therefore sensory impact on the properties of the layer. 
Astringency is believed to form part of an astringent perception. It is a mechanical 
response and one group of molecules that cause an astringent sensation are plant 
polyphenols [5, 6, 7, 8, 9, 134, 135] which complex with salivary proteins leading to 
aggregation [136]. Catechins are a group of polyphenolic flavonoids, secondary plant 
metabolites. It is widely believed that salivary proteins act as a primary defence 
against harmful, mainly high molecular weight tannins polypenolic flavanoids, (e.g. 
tannins) forming insoluble complexes that inhibit their functionality, e.g. absorption 
from the intestinal canal or interaction with other biological compounds [137].  
 
2.3.1 Catechins, health benefits and types  
Epidemiological studies show that the risk of contracting many diseases such as 
cancer, heart disease, diabetes is reduced when eating a diet containing high quantities 
of fruits and vegetables. Although many of the mechanisms and components have yet 
to be clarified it is thought that phyto-chemicals are the active components [139]. One 
group of phytochemicals are the catechins, which include gallocatechin (GC), 
epigallocatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG), 
epicatechin (EC) and epigallocatechin gallate (EGCg). A very high quantity of these 
are found in green tea Camellia sinensis with EGCg being the most biologically 
active and abundant source in green tea (Fig. 2.10) [140, 141, 142].    
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Figure 2.10: Diagram of EGCg structure. Molecular weight 458.37 and chemical 
formula C22H18O11. Adapted from reference [141].  
 
2.3.2  EGCg effects on astringent perception 
It is suggested that the major components of saliva responsible for aggregation are 
proline rich proteins (PRP) and histatins [143, 144], with the molecular basis of 
polyphenol-PRP-like aggregation being well understood [137, 145].  The pyrrolidine 
rings of the prolyl groups act as potential binding sites that stack face-to-face with the 
galloyl rings of the phenolic substrate with other interactions (such as hydrogen 
bonding) further stabilizing the complex [146, 147]. Recent investigation of binding 
to a synthetic proline rich peptide (GLN-GLY-ARG-PRO-PRO-GLN-GLY) found 
that majority of interactions occurred at the ARG-PRO-PRO site with the Arg side 
chain positioned close to ring 1, PRO4 positioned over ring 2 and PRO5 positioned 
over ring 3 (Fig. 11). Prolines were almost always involved in stacking [145].   
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2.4  Biolubrication  
Lubrication reduces friction between body surfaces and contributes to the sensory 
perception of foreign material (e.g. food in the mouth and dust in the eye). 
Furthermore, for eukaryotes, movement is a survival pre-requisite and, when there is 
movement, lubrication is vital for wear reduction and effective function. Examples are 
diverse and numerous ranging from mammals that lubricate their joints and coat, for 
example their respiratory airways, gastro-intestinal and ocular surfaces with mucosa 
to cephalopods that utilise a mucus-coated foot on which they move [120]. 
Biolubrication is also crucial for many human processes involving movement, such as 
oral processing which greatly impacts on mastication and mouthfeel [148].  
 
2.4.1   Friction 
Leonardo da Vinci (1452-1519) first quantitatively investigated friction 200 years 
before Newton introduced the notion of force and proposed that friction is 
independent of the surface area and that doubling the load would double the friction. 
Guillaume Amonton (1663-1705) revived da Vinci’s work and added that the friction 
is related to the roughness which the surfaces must overcome. Leornhard Euler (1707-
1783) first introduced static and kinetic friction and Charles August Coulomb (1736-
1806) later published and added to the knowledge stating that friction is related to the 
force between two surfaces and the properties of the surfaces themselves [149].  
 
Static friction applies to objects in contact that are not moving relative to one another 
whilst kinetic friction occurs when two moving objects rub together [150]. Stribeck 
(1902) introduced the velocity dependence of friction in the presence of liquid 
whereby at high velocities an elastohydrodynamic (EHL) fluid film regime forms 
which prevents the surfaces from coming into contact. Conversely boundary 
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lubrication or nanofriction (a lubricating film of less than 100 nm) is characterised at 
low speeds and is the separation of solids at the molecular level whereas the mixed 
regime occurs when the roughness of the surface is comparable with the film 
thickness at those velocities between the EHL and boundary regimes [151].      
 
2.4.2    Biolubrication molecular mechanisms 
The three well known molecular mechanism components by which lubrication in 
biological systems can be described are presented here.  
 
2.4.2.1  Ion ball bearing 
Using force apparatus, Klein et al. first proposed the ion ball bearing model 
highlighting the role of interstitial fluid. Friction forces for aqueous solutions maintain 
a bulk water shear fluidity status when subjected to a shear force, implying that 
molecules in solution slide over one another, acting as molecular ball bearings [152].  
 
2.4.2.2  Brush-brush interaction and counter ion depletion 
The addition of neutral polymers to a solution greatly reduces the friction of sliding 
surfaces separated by solution [153, 154, 155], whilst the use of charged polymers has 
an even larger effect. Charged polyelectrolyte brushes are in a swollen state at low 
ionic strength and opposing brushes repel one another creating a repulsive force 
preventing surfaces from coming into close contact (where attractive van der Waals 
force would snap them together). This prevents dry friction between soft solid or 
semi-solid surfaces such as tongue-on-palate or tongue-on-teeth.  
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2.4.2.3  Cartilage matrix exclusion theory 
Water is by far the major component of the cartilage matrix making up between 70-
90% of the some matrix (by weight) made up of water. Collagen (10-20%) and 
proteoglycans (2-10%) make up the rest with interstitial water between the collagen 
fibrils providing the cartilage with its highly effective lubricating properties. The 
density of the proteoglycans are key for lubrication as many proteoglycans are bound 
close together in the matrix creating a repulsive force (as the negative charges are 
constrained together in a small area) that is neutralised by positive ions in the external 
fluid. The increase in ion concentration within the tissue (compared with that of the 
exterior) leads to a swelling pressure and, as the joint is moved, the interstitial fluid is 
removed. This exclusion of the water increases the density of charges and in turn 
increase the repulsion [156].  
 
It is anticipated that mucin will form a layer which contributes to lubrication, most 
likely through the mechanisms above.  
 
2.5  Cells and cell spreading 
The mucosal layers form barriers that protect the underlying cell layer. These 
epithelial layers, linked with the mucosal layers play an active sensory role. Cells fall 
into two categories, prokaryotes and eukaryotes. Both contain DNA, have a 
membrane and may have a cell wall that separates them from the external 
environment and contain cytoplasm. Bacteria are prokaryotes which carry their DNA 
in the cytoplasm with strains such as Staphylococcus, Corynebacterium, 
Brevibacterium and Acinetobacter living on the skin and Propionibacteria residing in 
the hair follicle. The most noticeable difference for eukaryotes is the presence of a 
nucleus that contains the DNA [45].  
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 45 
2.5.1  Cell adhesion 
The cells of multicellular organisms bind to the extracellular matrix (ECM) and each 
other. The ECM consists of macromolecules secreted by cells, such as collagen, 
proteoglycans and glycoproteins (e.g. fibronectin and laminin) that interact with the 
cell through receptors at the cell surface. The glycoproteins give an ordered structure 
to the extracellular matrix and the adhesion molecules on the surface of the cell bind 
to these. There are a number of receptors involved in cell adhesion 
 
· Integrin receptors which are attached to cytoplasmic filaments and span the 
cell membrane, attaching to arginine-glycine-aspartate (RGD) domains on 
extracellular proteoglycans [157].  
· Cell adhesion receptors belonging to the immunoglobulin superfamily (IgSF) 
have an immunoglobulin domain and are mainly immune system cell type 
specific.  
· Selectins are transmembrane glycoproteins involved in cell adhesion. 
· Cadherins are calcium dependent cell-cell adhesion molecules. 
 
2.5.2  Cell morphology  
The suspended cell morphology (for many cell types) in solution is that of a sphere. 
When attaching to a substrate cells bind and spread as they become established which 
affects viability [158].  
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2.5.3  Cell-cell signalling and cell signalling pathways 
Cell to cell signalling involves the release of a signalling molecule from one cell 
which binds to a specific receptor on another cell. This can be paracrine, endocrine of 
autocrine and in addition cells can also communicate via gap junctions.  Binding of 
the signalling molecule results in a receptor conformational change which initiates 
secondary signalling cascades that travel through the cell’s internal machinery [159]. 
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3. Experimental techniques 
 
This chapter focuses on the primary experimental technique used throughout this 
work, optical waveguide lightmode spectroscopy (OWLS). An overview of the 
technique and the physical principles underlying the technology are presented as are 
the experimental procedures used. The details of cleaning procedures are provided, 
which were devised and adapted from previous work. Finally the cell culture and 
imaging protocols are presented. 
      
3.1  Label-free optical sensing 
Whilst techniques involving radioactive and fluorescent labelling have provided 
insight and many clues as to the nature of various cellular processes the fact remains 
that they require a modification to the molecule of interest. This will inevitably affect 
the function of the molecule [77]. Therefore non- invasive label- free optical sensing 
and other novel techniques play an important role in future investigations of cellular 
and subcellular systems. 
 
3.1.1 Optical waveguide lightmode spectroscopy (OWLS) 
The OWLS technique is extremely powerful for measuring thin films at the 
solid/liquid interface and has mainly been used to study the adsorption of protein 
layers [160, 161, 162]. This technique is also very well suited for cell-based 
experiments which investigate cell binding and cell spreading parameters [163, 164].  
Cell spreading can also be measured using light microscopy [165], although the 
results are harder to quantify. Quartz crystal microbalance (QCM) investigations [166, 
167, 168] also give information on attachment kinetics, however with very little 
information on spreading.  
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Hug et al (2000) have taken the possibility of OWLS as a whole cell sensor by 
looking at cell adhesion and morphology changes of fibroblasts. The strong skin 
irritant benzalkonium chloride produced a concentration-dependant cell response 
measured by the OWLS. Colchicine however reduced the OWLS signal, which would 
be expected as colchicine disrupts cytoplasmic microtubules that play a vital role in 
both in cell structure and movement [169].  
 
3.1.1.1   OWLS principle 
OWLS technique confines the light within a thin, high refractive index material 
whereby the upper and lower interfaces confine the light which propagates via total 
internal reflection (Appendix A.1 and Fig.  3.1). A grating coupler couples the light 
into the high refractive index material [170].  
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 49 
 
Figure 3.1. Optical waveguide lightmode spectroscopy. The waveguide is roated on a 
goniometer between -6 to +6 degrees. At a critical angle (α) light is coupled into the 
waveguide and propagates to the photodiode. As it propagates it travels via total 
internal reflection within the TiSiO2 layer and the electromagnetic evanescent field 
(penetrates 100-200 nm above the surface) is the sensing area. Molecules adsorbed at 
the surface of the waveguide will interfere with the evanescent field causing a shift in 
the measured propogation constant. 
 
To determine the characteristics of the waveguide (S, F and C: Fig. 15) the effective 
refractive index (propagation constant; N) is calculated [171]. 
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where n is the refractive index (of air), α the angle of the incoupled light, k the 
diffraction order, λ the wavelength of the light and Λ the period of the diffraction 
grating. A three layer model is used to calculate the waveguide parameters. 
Adsorption of material onto the surface will form an adlayer (A, Fig. 2. 1) with the 
parameters characterised using the four layer mode equation [77, 172]. The refractive 
index of the adlayer, nA is calculated and the thickness, dA (Appendix A. 2) from 
which the adsorbed mass can be determined using [173, 174] 
 
dc
dn
nndM CAA
-
=
        (5) 
 
 
Two experimental waveguide systems were used, the OWLS 110 (Microvacuum, 
Budapest, Hungary) setup pictured in Figure 3. 2. This was used for the majority of 
experiments with the custom built setup used (built by postdoc R. Horvath see [175, 
176] for setup details) for the cell experiments. The custom built setup enabled the 
extraction of raw data and the calculation of additional parameters [177]. 
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Figure 3.2: Experimental setup of OWLS 110 system (Microvacuum, Budapest, 
Hungary).A, control panel, B, injection system, C, temperature control unit, D, 
goniometer set up with mounted cuvette.     
 
A schematic representation of the flow through cuvette system (Fig. 3. 3) shows the 
experimental setup in a little more detail. The waveguides are first cleaned, inserted 
into a holder and the cuvette secured on top of the waveguide (sealed using an ‘O’ 
ring). 
 
A B 
C D 
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Figure 3.3: Schematic depiction of OWLS setup.   
 
To determine the mass of species at the surface is it important to have the refractive 
index increment of the molecules (dn/dc). A J357 refractometer (Rudolph research 
analytical, Hackettstown, USA) was used to measure the refractive index of all 
solutions used for OWLS investigations (Fig. 3. 4). The refractometer has a sapphire 
prism onto which a 632.816 nm wavelength laser is focused. The refractive index of 
the solution is determined by the amount of light that is reflected back onto the 
photodiodes. 
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In Out 
C 
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PD 
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F    -  High R I film 
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Figure 3.4: Rudolph J357 refractometer.  
 
3.2   Experimental procedures (OWLS) 
Five separate experiments were conducted using OWLS to define 
1. Adsorption/desorption characteristics of mucin layers on SiTiO2 waveguide 
surfaces 
2. Temperature dependence of mucin adsorption on waveguide surfaces 
3. Salt effects on adsorption characteristics 
4. The effect of catechins on  
a. Adsorption of mucin and EGCg mixed solutions onto waveguide 
surfaces 
b. Impact of EGCg on a previously adsorbed mucin layer 
c. Impact of mucin and EGCg mixed solutions on a previously adsorbed 
layer 
5.  Cell response to adsorbed mucin and mucin + EGCg layers. 
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 3.2.1    Mucin adsorption/desorption  
Initially the adsorption/desorption characteristics of mucin were investigated using 
OWLS. Waveguides were pre-equilibrated overnight in ultrapure water at 25oC and 
were assembled with the cuvette. The e ective refractive indices N of the transverse 
magnetic TM0 and transverse electric TE0 modes were repeatedly and continuously 
determined while, successively, (i) water  owed through the cuvette, then (ii) mucin 
solutions in water at di erent concentrations spanning  ve orders of magnitude, from 
0.0001 to 10 weight % w/w (spanning the actual concentrations encountered in living 
organisms), and  nally (iii) ultrapure water again for measuring the desorption 
kinetics. During the entire sequence of  owing water, mucin and water again, the 
e ective refractive indices (propagation constants) of the zeroth order transverse 
electric and transverse magnetic lightmodes were measured. The wall shear rate 
(Appendix B. 1) of the fluids passing through the cuvette was 31 s-1 and the 
temperature was maintained at 25.0 oC. 
 
The NTM(t) and NTE(t) values for the adsorption/desorption sequences were inserted 
into the two mode equations characterizing propagation of the guided light in a four-
layer structure with isotropic layers: support, waveguiding lm, protein adlayer, and 
cover [70]. The two unknowns obtained were the thickness and refractive index of the 
protein adlayer. These in turn were combined to yield the mass of protein adsorbed at 
the waveguide surface [173].  
The refractive index increment (dn/dc) [174] of mucin dissolved in water required for 
the calculation was determined using the refractometer by measuring the refractive 
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index at different concentrations. The determined value was 0.138 cm
3
/g (Appendix 
B. 2). The practical outputs of the kinetic adsorption/desorption experiments were 
plots of adsorbed mass of mucin versus time. 
 
3.2.2   Temperature dependence of mucin adsorption 
The experimental procedure is similar to that of mucin adsorption/desorption except 
that the entire system (microcuvette, water and mucin solution) was maintained at 
25.0, 37.0 and 60.0 0C whilst (i) water, (ii) 0.1% w/w mucin solution in water, and 
(iii) pure water again was  owed through the cuvette. The dn/dc for 37 oC (0.141 
cm
3
/g) and 60 oC (0.138 cm
3
/g) were both determined (Appendix B. 2).  
 
3.2.3   Hofmeister series effects on mucin adsorption/desorption 
characteristics 
Waveguides were pre-equilibrated in 0.2M sodium chloride (NaCl), sodium iodide 
(NaI) and sodium fluoride (NaF) (Sigma Aldrich, Dorset, U.K.) dissolved in ultrapure 
water overnight. The salt solution was passed over the waveguide followed by 0.1% 
w/w mucin dissolved in the salt solution and then rinsed with fresh salt solution. This 
procedure was carried out for all salts. The dn/dc for NaCl was 0.146 cm
3
/g, NaF was 
0.128 cm
3
/g and NaI 0. 136cm
3
/g, for details see Appendix B. 2.  
 
3.2.4    Mucin + catechin adsorption/desorption 
EGCg of various concentrations, 0.01, 0.1, 0.5 and 1% w/w was added directly to 
mucin (0.1% w/w in water) and mixed. Three systems were investigated. First the 
adsorption/desorption characteristics onto uncoated waveguides were determined for 
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mucin mixed with EGCg. Secondly a mucin layer was adsorbed onto the waveguide 
surface and investigating the effect of EGCg, and last mucin mixed with EGCg was 
investigated on the adsorbed layer. The dn/dc was calculated as 0.186 cm
3
/g 
(Appendix B. 2). 
 
3.2.5    Cell response to mucin and mucin + EGCg layers 
For these experiments the waveguides were coated with either 0.1% w/w poly-L-
lysine in water, 0.1% w/w mucin in water or 0.1% w/w mucin + 0.1% w/w EGCg in 
water. The mucin stock solution was made up and pre-equilibrated overnight with 
EGCg added to the mucin stock solution and mixed 20 minutes before use. Solutions 
were applied for 20 minutes, washed twice (first using water, then McCoy growth 
medium, [MGM], Invitrogen, U.K. See Appendix C. 1 for details) and incubated for 
40 minutes (37 oC, 5% CO2 environment) in MGM. Following the baseline 
measurement (0.1M Hepes buffered MGM) an aliquot of 4 x 104 McCoy fibroblast 
cells (ECCAC #CB3009. HPA, Wiltshire, UK) in 100 µl buffered MGM were added 
directly to the cuvette of the custom built OWLS system using a micropipette whilst 
the TM incoupling peak was continually monitored and saved. 100 µl of buffered 
MGM was first removed from the cuvette and then the cell suspension added. Cells 
were counted using an optical microscope in conjunction with a haemocytometer, 
with the number of cells and surface coverage (60-70%) confirmed using phase 
contrast microscopy inspection of the waveguide after the experiment.   
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3.3 Substrate cleaning 
The sensitivity of the OWLS instrument (1ng/cm2) [77] makes cleaning the most 
important factor for obtaining reproducible and hence reliable results. The 
waveguides were used several times to reduce costs and were cleaned after each 
experiment. Factors determining the cleaning methods used are dependent upon the 
experimental substances investigated and individual experimental parameters. 
Proteins, for example, can be removed fairly easily using a weak acid solution 
whereas some polyelectrolytes that adhere more aggressively require more robust 
detergent and cleaning parameters. For this work several cleaning protocols were 
used.     
 
3.3.1  Proteins 
For proteins, cleaning waveguides under sonication in Roche solution for 10 minutes, 
rinsing with ultrapure water and then treating with O2 plasma (20 mW for 2 mins) was 
sufficient to remove all residues from the surface. The glycoproteins (mucin) attach 
more rigorously to the waveguide and Roche solution alone is not sufficient to 
remove them. Sonication in sodium dodecl sulphate (SDS; 0.2M) for 10 minutes at 50 
oC, rinsing in ultrapure water, sonication in Roche solution (10 minutes), rinsing in 
ultrapure water and treating with O2 plasma (20 mW for 2 mins) removes all mucin at 
lower concentrations (see Appendix C. 2 for details of protocols).  
 
3.3.2   Mucin 
Higher concentrations of mucin and mixtures of active compounds (e.g. polyphenols) 
and glycoproteins adsorb on the waveguides and cannot be removed by Roche 
solution or SDS/Roche treatment. A protocol using chromesulphuric acid (Fisher 
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Scientific, U.K.) whereby waveguides are immersed for 3 minutes and then 
extensively rinsed under alternate sonication and flowing water for 30 minutes before 
being O2 plasma treated (20 mW for 2 mins) removes all adsorbed molecules (see 
Appendix C. 2).  
 
3.4 Cell culture 
The cells used for this project were McCoy fibroblast cells (ECCAC #CB3009. HPA, 
Wiltshire, UK). These were chosen as these cells spread well which makes them a 
good model system for investigating cell shape change. All cells of the body and 
those grown in vitro  metabolise and multiply (mitosis) constantly renewing 
themselves and the tissues they are part of. Therefore they require energy and, in 
vitro, the cells are supplied with medium containing mainly sugars, salts and small 
amino acids. In addition they also require hormones that signal morphological 
changes and gene transcription for mitosis. For this foetal bovine serum (FBS; 
Invitrogen, U.K.) is added to the medium.  
 
Cells were cultured at 37 oC in a 5% CO2 environment with growth media relevant to 
their requirements (see Appendix C. 1) in cell culture flasks. Cells were detached 
using 0.05% trypsin/EDTA and collected using centrifugation (1000 rpm for 5 
minutes). Cells were counted using a haemocytometer in conjunction with an optical 
microscope. 
 
Cells are stored in liquid nitrogen. This process involves substituting some of the 
medium with dimethyl sulfoxide (DMSO; Sigma Aldrich, U.K.) and slowly freezing 
the cells first in either a -80 OC freezer or in dry ice. Once frozen the cells are kept in 
liquid nitrogen and can be thawed (rapidly) at a later date.    
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3.5 Cell staining  
OWLS is extremely powerful for investigating the kinetics of adsorption and 
desorption of material very close to the surface, however a drawback is the lack of 
images. To obtain a bigger picture (and also confirmatory evidence) of cell spreading 
on mucin and mucin + EGCg substrates the cells were stained and imaged. The 
cytoplasm was visualised using a 1 µg/ml streptavidin-Alexa Fluor555 fluorescent 
conjugate (Molecular Probes, U.K.) diluted in PBS that binds endogenous 
mitochondrial biotin. Sytox green nuclear stain (500 µM Molecular Probes, U.K.) 
diluted in DMSO (Sigma) counterstained the DNA and slides were mounted using a 
glycerol-based mountant (Dako Ltd, Cambridgeshire, UK).  
 
3.6   Confocal microscopy  
This technique first patented by Minsky in 1957 [178] and uses a laser to produce 
high resolution images and, unlike conventional fluorescence microscopy it does not 
illuminate the entire sample. A schematic is presented in Figure 3. 4. 
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Figure 3.5: Schematic representation of confocal microscopy. The laser light is 
focused onto the sample via the lens. Emitted light is directed toward the detector via 
the beam splitter and a pinhole. The pinhole ensures that no light outside the focal 
plane is detected.  
 
Laser scanning confocal microscopy (LSCM) provides images of thick samples built 
up by scanning at several focal planes (Fig. 3. 5). 
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Figure 3.6: Image showing slice through McCoy fibroblast on poly-L- lysine substrate 
after 30 minutes. The cytoplasm stained using a streptavidin-Alexa Fluor555 and the 
nuclear fractions stained using Sytox green. Images are taken every 0.5 µm. The 
scanning starts top right and finishes bottom left. The scale bar is applicable for all 
individual squares.  
 
Confocal microscopy is now used widely for studying biological systems, a few 
recent examples are cell adhesion to ceramic scaffolds [179], tracking herpes simplex 
virus type 1 DNA polymerase catalytic subunit (pUL30) location to the nucleus [180] 
and for diagnosing skin tumors [181]. 
 
50 µ m 
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Cells were imaged using a Zeiss Laser Scanning Confocal microscope (LSM 510 
Meta, Zeiss, Hertfordshire, UK) with a minimum better to state what you used if you 
canx 40 objective. The Sytox green nuclear stain was excited using an Argon (488 
nm) laser with emission detected via a 505-550 nm band-pass filter and the Alexa 
Fluor555A excited using a helium neon (HeNe, 543 nm) laser source with detection 
through a 560 nm long-pass filter. 
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4.0 Structure of adsorbed mucin film 
 
The function of mucin is usually intimately related to its presence at solid/liquid 
interfaces, hence the careful and detailed study of adsorption (and desorption) 
behaviour is an essential pre-requisite to achieving a deeper understanding of the 
mechanisms underlying their highly e ective functional behaviour. Mucins persist in 
both homeo and poikilothermic organisms which exist across a wide range of 
temperatures and for this reason we have investigated the effect of temperature on the 
characteristics of the adsorbed mucin layer. Salts, present within a biological system, 
should also affect the behaviour of the mucin and as such are also investigated. 
Finally there were unexpected results which arose throughout the course of this work 
(entropic depletion and anisotropy) and these are also discussed. 
 
4.1 Adsorption – mass at saturation 
The OWLS technique is used to measure the adsorption/desorption characteristics of a 
wide range of mucin concentrations at a fixed temperature (25 oC). Together with 
complementary atomic force microscopy1 (AFM) and microrheology data2 (carried 
out by the sponsor) we suggest a composite structure, which is not a monolayer and 
instead a two- layer like structure where the uppermost layer may not be complete.  
 
                                                 
1 Atomic force microscopy was used to visualise mucin molecules at the solid/liquid interface. Work 
carried out at Unilever Colworth by Dr Gleb Yakubov (Appendix D. 1 and D. 3).  
 
2 Microrheology data supplied to determine mucin viscosity. Work carried out at Unilever Colworth by 
Dr Gleb Yakubov (Appendix D. 2).  
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Whilst the adsorption and desorption of inorganic and synthetic organic nanoparticles 
at the solid/liquid (i.e. buried) interface is relatively straightforward and well 
understood [182, 183], spheroidal globular proteins can show bulk concentration 
dependent post adsorption transitions [68], and these e ects are more marked (and 
have been quite thoroughly investigated) for the adsorption of  brous proteins from a 
liquid suspension at a solid surface [69, 70, 71]. The adsorption behaviour of even 
larger and more complex biomolecules such as mucin has been much less 
comprehensively investigated. Here we investigate the adsorption (and in the 
following section desorption) characteristics of mucin.  
 
Figure 4. 1 shows a typical plot of adsorption and desorption for aqueous mucin. 
Adsorption was typically continued until a de nite plateau was reached, at which for 
all practical purposes the amount of adsorbed mucin was no longer increasing.  
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Figure 4.1: Representative plot of the amount of mucin, calculated from the OWLS 
data, adsorbed on Si0.6Ti0.4O2 from a 0.1% w/w bulk solution against time. The arrows 
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a and b correspond to the start of mucin  ow and the start of pure water  ow 
(desorption phase).  
The adsorbed amounts Msat at these plateaux are plotted against the bulk mucin 
concentration (Fig. 4. 2). The most reasonable interpretation of the behaviour of Msat 
is that at very low concentrations the protein is adsorbed in the extremely extended 
conformation typical for isolated molecules for entropic reasons [184]. In the 
intermediate bulk concentration regime (0.01–1%) interactions between neighbouring 
adsorbed molecules prevent the formation of the highly extended conformation and a 
fairly dense protein monolayer is formed. This behaviour has previously been shown 
to occur for brous pro teins such as  bronectin [69, 70, 71]. The puzzle with mucin is 
that at the higher bulk concentrations (above approximately 2%) the deposited amount 
starts increasing again.  
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Figure 4.2: Saturation adsorption of mucin dissolved in water on Si0.6Ti0.4O2 plotted 
against the bulk concentration of mucin. Error bars denote s.d. for Msat.  
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A clue to this increase is given by the atomic force microscopy image (Appendix D. 
1), which clearly shows the existence of a second layer at the higher concentrations. 
This feature is absent in the images of deposits created at low concentrations. Hence 
we infer that at high concentrations mucin molecules start depositing on top of the 
monolayer to form a second layer.  
 
Further insight into this behaviour comes from bulk viscosity measurements 
(Appendix D. 2). The viscosity of mucin solutions plotted as a function of bulk 
concentration and clearly the viscosity with bulk concentration falls into two zones 
characterized by the exponents, η  c
1/2 
and η
 
c
3/2
 (corresponding to the well known 
semi-dilute and entangled regimes [114]), with the boundary between the regimes at 
about 2.4% w/w (
 
44 µmol/L). The variation of the amounts of mucin adsorbed at 
saturation also shows a transition at about the same concentration: above about 1% 
Msat is steeply increasing with bulk concentration, whereas below it is practically 
invariant, except at very low concentrations (below 0.001%) where it becomes very 
low. From these results we infer that entanglement facilitates the adsorption of the 
second layer, a feature that is definitely absent from the adsorption behaviour of 
 brous proteins like  bronectin. 
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4.1.1  Adsorption kinetics: low concentrations 
Mass calculated for mucin spanning concentrations 0.0001 to 0.1 % are presented in 
Figure. 4. 3.  
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Figure 4. 3: Representative plot of the amount of mucin, calculated from the OWLS 
data, adsorbed on Si0.6Ti0.4O2 from 0.0001, 0.0003, 0.001, 0.01 and 0.1% w/w bulk 
solution against time.  
 
It is clear that mucin adsorbs in a concentration dependent manner up to 0.1% w/w. 
Above which it seems to become stable (reflected by the similar 0.01 and 0.1% plots).   
Indeed we have already inferred that these concentrations are characteristic of mucin 
regimes. Plots of dM/dt vs M could be very well  tted (Fig. 4.4) by a random 
sequential adsorption process for all concentrations [88]. 
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Figure 4.4: Time derivative of absorbed mass plotted against adsorbed mass 0.1% w/w.  
 
 
The tting parameters were (a/mθJ) and kac*. The fitted parameters, or the practically 
useful quantities derived from them, are gathered in Table 4. 1. 
 
Table 4.1: Adsorption parameters for low concentration mucin.  
cb / % w/w a / nm2 ka / mHz cm s-1 
0.0001 735.6 ± 0.04 0.11 ± 0.08 
0.0003 723.4 ± 0.04 0.13 ± 0.07 
0.001 577.1 ± 0.03 0.18 ± 0.07 
0.01 262.3 ± 0.02 1.12 ± 0.02 
0.1 267.0 ± 0.02 1.20 ± 0.04 
 
It is clear that as the concentration increases the adsorbed molecule reduces in size 
which could be attributed to an extended conformation at lower concentrations. As the 
concentration increases the molecules would not be able to extend and hence they 
occupy less area. These parameters confirm the conclusions for the Msat data. In 
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addition the decrease in size as bulk concentration increases also suggests that post 
adsorption conformational changes occur [185].  
 
4.1.2.     Adsorption kinetics: High concentrations 
An unforeseen issue that arose from this work is that for high concentrations of mucin 
(above 1% w/w) the adsorption curve shifts down resulting in negative mass (Fig. 
4.5).  
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Figure 4.5: Representative plot of the amount of mucin, calculated from the OWLS 
data, adsorbed on Si0.6Ti0.4O2 from a 1, 3 and 10% w/w bulk solution against time. 
The arrows a and b correspond to the start of mucin  ow and the start of pure water 
 ow (desorption phase).  
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The NTE (and NTM) curves do not shift (Fig. 4.6) indicating that the problem occurs 
when the refractive index of the cover solution is entered when calculating the mass. 
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Figure 4.6: Raw data NTE and NTM plots for 10% w/w mucin adsorbed on Si0.6Ti0.4O2 
against time. 
 
The shift begins when the refractive index of the solution increases by more than 
approximately 0.0002. Suggesting a discrepancy between the bulk refractive index, 
which one measures using the refractometer, and that at the interface. To determine 
the refractive index ‘seen’ by the OWLS we can use [174] 
 
nC = nC  buffer + ∆ nC  (6) 
 
Indeed if the dNTE/dt is plotted (Fig. 4.7) for the 1% w/w mucin concentration we find 
a peak. 
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Figure 4.7: dNTE/dt plotted against time for 1.0% mucin adsorption.  
 
Using the corresponding peak NTE value to calculate the nC we obtain a value of 
1.331828 which compares with 1.333110 obtained from the refractometer 
measurements. When plotting the curve for 1% w/w mucin using 1.331828 as the 
cover refractive index the shift is almost fully recovered (Fig. 4. 8). 
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Figure 4.8: Shift recovery. Calculated from the OWLS data, adsorbed on Si0.6Ti0.4O2 
from a 1.0% w/w bulk solution against time using the refractive index as ‘seen’ by the 
OWLS. 
 
This is not the case for both 3% and 10% w/w solutions with refractive indices 
1.340209 and 1.340253 respectively (Fig. 4. 9). 
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Figure 4.9: Negative mass shift. Calculated from the OWLS data, adsorbed on 
Si0.6Ti0.4O2 from 1 and 3% w/w bulk solution against time using the refractive index 
as ‘seen’ by the OWLS. 
  
The almost complete recovery for the 1% w/w solution is most likely due to this 
concentration being around the semi-dilute/entangled regime transition point which 
occurs at ~1 to 2 % w/w concentration. There is certainly an issue with the entangled 
regime which could be due to entropic depletion.   
  
Asakura and Oosawa, 1954 were the first to suggest that the reduction in entropy of 
flexible coils close to an interface leads to their repulsion and a reduction in the 
concentration of the coil in the close vicinity of the interface (entropic depletion) 
[186]. We consider the case of 3% w/w mucin dissolved in water (see Fig. 4. 5). 
 
The refractive index of the 3 % w/w mucin solution (measured using the 
refractometer) is 1.33594  ( n m) and the cover medium (water) refractive index 
1.331623 (nO).  Buffer nC   is the cover refractive index ‘seen’ by the propagating 
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mode. It is clear that there is negative mass during the first few experimental points of 
the adsorption phase (Fig. 4. 5). Indeed the only way to obtain a continuous mass 
curve is to suppose that nC ~ nO which suggests that almost no mucin is present close 
to the surface (in the 100-200 nm thick sheet monitored by the modes). The mucin 
concentration near the surface ( )zj  can be described by  
÷÷
÷
ø
ö
çç
ç
è
æ
= 5.02
2tanh)(
s
zz B
a
jj
 (7) 
 
Where Bj  is the polymer concentration in the bulk, α the binary mixture constant 
(2.2) [187] and z the distance from the surface. The concentration of mucin will 
increase from zero at the surface to the bulk concentration as z increases. The value 
for z at which the bulk concentration is reached is in the region of the root-mean-
square end-to-end distance of the mucin in free solution 
5.02s  [188, 189].  
 
Using the Rg of 52 nm (calculated by Dr GlebYakbov, [113]) we obtain 
5.02s  = 132 
nm with and nC of 1.334254 which is still too high. It does not recover the shift. We 
find that to recover the shift fully we must multiply the Rg by a factor of 12 which 
gives an nC of 1.331784 for 3% w/w mucin and 1.332134 for 10 % w/w mucin (Fig. 
4. 10). 
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Figure 4.10: Plot of the modified refractive index cover media mass calculations. 3 
and 10% w/w bulk solution mucin, adsorbed on Si0.6Ti0.4O2 against time.  
 
For higher concentrations of mucin (3 and 10% w/w) the curves were first determined 
using the cover refractive indices calculated using either the entropic depletion or 
direct OWLS analysis. We have already seen that this recovers the shift, all curves 
could be fitted well using a random sequential desorption process and the fitting 
parameters are collected in Table 4. 2.  
 
Table 4.2: Adsorption parameters for high concentration mucin 
cb / % w/w a / nm2 ka / mHz cm s-1 
1.0 243.2 ± 0.02 1.43 ± 0.02 
3.0 199.4 ± 0.02 4.34 ± 0.06 
10.0 93.8 ± 0.01 7.52 ± 0.08 
 
 
As the bulk concentration increases we see a reduction in the molecule area adsorbed 
at the surface (Table 4. 2). This is analogous to the low concentration mucin results. 
Most likely this is also due to post adsorption conformational changes on the surface. 
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It is also important to note that the adsorption rate increases as the bulk concentration 
increases. Taken together these are confusing although if the concentrations are split 
into sections relating to the dilute (0.001-0.001% w/w), semi-dilute (0.1-1% w/w) and 
entangled (above 1% w/w) it becomes clear that the adsorption rate is regime specific.  
 
4.1.3        Summary 
 
Adsorption characteristics suggest that at low concentrations the molecules are able to 
adsorb in an extended conformation. At higher concentrations the large number of 
molecules makes it impossible for the extended conformation to persist whilst at very 
high concentrations the molecules entangle. This results in adsorption behaviour 
unlike that measured previously for both globular and fibrous proteins. The unrealistic 
negative mass observed when using the bulk refractive index measured with the 
refractometer is most likely due to entropic depletion.  
 
4.2        Desorption 
The following chapter gives details of the desorption characteristics of mucin which 
provides valuable insight into the behaviour of the molecules at the solid/liquid 
interface. We confirm the existence of a composite structure and investigate its 
properties. 
 
4.2.1   Experimental results and discussion 
Here we demonstrate that non equilibrium e ects during mucin adsorption lead to the 
formation of a composite structure. The  rst quasilayer adjacent the surface is in 
equilibrium with the substrate, whereas the second quasilayer is structurally  di erent. 
It is not equilibrated with the underlying layer and its deposition is facilitated due to 
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entanglement trapping. This composite structure would be able to provide the features 
necessary for e ective lubrication. If indeed entanglement is responsible (as 
suggested by adsorption) for the mucin layer characteristics this should be re ected in 
the desorption kinetics.  
 
Visual inspection of the desorption kinetics suggests that they do not follow a simple 
exponential decay law. In contrast to simple Langmuir (exponential) desorption, 
mucin follows a stretched exponential (Kohlrausch) kinetic law, M(t)= M0 e-(kt)
β
, 
where M0 is the amount of mucin adsorbed at the beginning of desorption (i.e. at the 
plateau, Fig. 4. 11), and k (desorption rate) and β (exponent) 3 are constants.  
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Figure 4.11: Representative plot of mucin desorption from Si0.6Ti0.4O2. The mucin 
concentration shown is 3% w/w bulk solution against time. MO is the amount of 
adsorbed mucin at desorption time zero. 
                                                 
3 Note that β  is between 0 and 1 with 1 being purely exponential desorption. 
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In order to determine them, the double logarithm of M was plotted against log time 
for each mucin concentration. At the most dilute concentrations, a single straight line 
could be  tted to the data, but at higher concentrations two lines with distinctly 
di erent gradients had to be  tted. Hence the actual equation used for  tting the data 
was  
M(t) = M0[f1 e-(k1t)
β1 
 + f2 e
-(k
2
t)β2 ]  (8) 
where f1 and f2 are the fractions of respectively the rapid initial desorption and the 
slower subsequent desorption. The boundary between the two adsorption modes could 
be very easily perceived by eye, especially when plotting the data as logM versus logt 
and the f values were simply estimated from the intersection of extrapolated straight 
lines in the vicinity of the boundary. Examples of the  ts of eqn (7) are shown in 
Figure 4. 12. 
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Figure 4.12: Representative plots of the double logarithm of the amount of adsorbed 
mucin versus the logarithm of time, i.e. in accord with eqn (1). The plots are for 
desorption of the deposit created from a 3% mucin solution, which could be clearly 
separated into fast (A) and slow (B) phases. 
 
The parameters characterizing desorption are given in Table 4. 3. 
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Table 4.3: Desorption parameters for di erent bulk mucin concentrations. Desorption 
was started 18 min after the start of adsorption. Uncertainties are s.e.m. The 
uncertainty for f 1 is estimated as +/- 
 
0.04.  
 
 
  
 
The Kohlrausch exponents β determined by linear least squares tting are also plotted 
in Figure 4. 13 against the bulk mucin concentrations at which the deposits were 
created prior to starting desorption. Strikingly, the initial fast desorption, absent at the 
lower mucin concentrations, shows superexponential kinetics, i.e. an autocatalytic 
step in the desorption mechanism.  
 
c b 
% 
w/w k1 /mHz β1 f 1 k2 /mHz β2 τ 2 
0.0001 0 0 0.00 1.9400 0.837 +/- 0.003 10 min 
0.0003 0 0 0.00 0.3870 0.6983 +/- 0.0004 55 min 
0.001 0 0 0.00 0.3950 0.6366 65 min 
0.01 1 1.20 +/- 0.08 0.14 0.1750 0.4925 3.3 hrs 
0.1 0.980 +/- 0.002 1.28 +/- 0.08 0.15 0.1000 0.479 +/- 0.002 6.0 hrs 
1.0 0.842 1.29 +/- 0.02 0.28 0.0550 0.473 +/- 0.003 11.3 hrs 
3.0 3.940 +/- 0.003 1.50 +/- 0.03 0.41 0.1020 +/- 0.0002 0.213 9.0 days 
10.0 5.120 +/- 0.007 1.75 +/- 0.05 0.60 0.2000 +/- 0.0004 0.1874 +/- 0.0005 13.4 days 
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Figure 4.13: Righthand scale: saturation adsorption of mucin dissolved in water on 
SiTiO2 plotted against bulk mucin concentration. Lefthand scale: Kohlrausch 
exponents characterizing mucin desorption from Si0.6Ti0.4O2 in pure water plotted 
against the bulk concentration of mucin dissolved in water used to create the deposit. 
Points are connected merely to guide the eye. Error bars denote s.e.m. for β1 and β2, 
and s.d. for Msat.  
 
A convincing explanation is a sequential, hierarchical process in which a minimum 
number of units in any level of a hierarchy must change before the next level can 
decay [190]. This mechanism provides a very natural explanation of the mucin 
desorption. Mucin is adsorbed via a combination of multiple weak (mainly hydrogen) 
bonding of the molecules directly to the metal oxide surfaces and entanglement 
trapping of further mucin molecules with their directly adsorbed congeners. Reversing 
the trapping process automatically implies hierarchical desorption, and hence 
Kohlrausch kinetics.  
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Even the sparse deposits created from the lowest bulk concentrations show 
Kohlrausch kinetics, albeit with exponents closest to one. This is fully in line with the 
extended conformation multiply bound to the surface expected from theoretical 
grounds [184]. A certain number of the surface bound units of mucin must move 
before, for example, a loop can be created, which is a precursor to further movement 
leading to desorption. At higher surface concentrations, the adsorbed mucin molecules 
are somewhat entangled with their neighbours, and the disentanglement necessary 
before desorption can take place signi cantly contributes to the hierarchical process 
with correspondingly lower Kohlrausch exponents.  
 
The faster phase appearing at higher concentrations corresponds with the incipient 
formation of the second layer, whose isolated molecules are relatively weakly bound 
to the underlying mucin in the  rst layer. The appearance of a new process 
characterized by superexponential desorption shows that a di erent, autocatalytic4, 
mechanism operates. At the same time, the second layer adds a further level in the 
desorption hierarchy, leading to the concomitant reduction in the Kohlrausch 
exponent for the  rst layer.  
 
A signi cant corollary of the diminishing exponents is the rapidly increasing time to 
equilibrium, which can be quanti ed as  
τ = Γ(1/β)τ /β  (9) 
where Γ is Euler’s Gamma function and τ = 1/k. The values calculated from the 
parameters we have determined are given in Table 4. 3. The inordinately long 
“equilibration times” mean that under most conditions encountered in living 
organisms the mucin layers will be far from equilibrium.  
                                                 
4 Note that this does not relate to chemical catalysis and as such denotes purely co-operative behaviour. 
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Table 4.4: Desorption parameters for di erent bulk mucin concentrations. Desorption 
was started 60 min after the start of adsorption. Uncertainties are s.e.m.  
 
 
 
A corollary of the proposed adsorption/desorption mechanism is that di erent kinetics 
should be observed depending on the interval between achieving saturation adsorption 
and commencing desorption. This is indeed the case, albeit in a somewhat 
complicated way. Table 4. 4 presents results from layers allowed to remain at 
saturation for an extended period. At an intermediate concentration (0.1 % w/w) 
desorption is actually accelerated, possibly because more molecules arrange 
themselves in the more rapidly desorbing upper layer. At high concentration there is 
little e ective di erence.  
 
 
Further evidence for these time dependent changes in adsorbed layer structure is 
gained from the force curves measured with the atomic force microscope [191] 
carried out by Dr Gleb Yakubov (Appendix D. 3). In this experiment, the AFM tip 
was plunged into the protein layer and then allowed to remain for an interval τ, 
following which it was withdrawn. The results are shown in Appendix D. 3. They 
show how adhesion tends to increase with τ.  
 
 
 
 
c b 
% w/w k1 /mHz β1 f 1 k2 /mHz β2 τ 2 
0.1 1.653 1.37 +/- 0.02 0.27 0.1670 0.466 +/-0.004 4.0 hrs 
3.0 4.744 +/- 0.002 1.59 +/- 0.02 0.45 0.192 +/- 0.002 0.188 +/- 0.002 13.5 days 
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4.2.2        Inhomogeneity 
The four layer model enables the extraction of the effective refractive index (N) and 
thickness of the adsorbed layer and from this the mass can be calculated. For mucin 
adsorption this model has its limitations as the thickness measured is unrealistic (Fig. 
4.14). 
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Figure 4.14: Righthand scale: mass adsorption of 0.1% w/w mucin dissolved in water 
on Si0.6Ti0.4O2 plotted against time. Lefthand scale: calculated thickness of mucin 
plotted against time. 
 
Here the measured thickness of 0.4 nm cannot be correct as this is smaller than that of 
a single amino acid (typically ~0.8 nm). [192] 
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Figure 4.15:  Refractive index plotted against time of 0.1% w/w mucin dissolved in 
water on Si0.6Ti0.4O2. 
 
The measured refractive index (Fig. 4. 15) is not realistic either as bulk measurements 
of mucin range from 1.33 to 1.34 (Appendix B. 2). 
 
These effects have previously been numerically simulated using ellipsoid spheres and 
suggestions are that the unrealistic refractive index and thickness somehow balance 
out to give a mass value which is correct [193]. Therefore the mass is correct for 
mucin although the thickness and effective refractive index remain unrealistic. This 
strongly implies that the layer is not homogeneous and that a level of anisotropy exists 
[194].  When the refractive index is overestimated and the thickness underestimated 
as is the case here it suggests that a layering (of different refractive indices) [195] is 
occurring at the surface as opposed to columnar structures [194].     
 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 86 
 
4.2.2.1      Hysteresis - low mucin concentrations 
To determine further the layer characteristics at different concentrations we plot the 
effective refractive index against the mass.  For very low concentrations of mucin the 
adsorption starts with a high refractive index, typically around 2 for 0.001% w/w (Fig. 
4. 16). During desorption the refractive index of the layer reduces as the mass 
decreases. A higher 0.1% w/w mucin concentration starts relatively realistic and rises 
to a very high 1.8. There is a small (just a few data points) of hysteresis occurring 
although not as large as that seen for concentration above 1% w/w mucin. 
 
 
 
Figure 4.16: Low concentration mucin hysteresis. 0.001% and 0.1% mucin effective 
refractive index against mass adsorbed. Orange arrows depict adsorption and black 
arrows desorption. 
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4.2.2.2        Hysteresis – high mucin concentrations 
High concentrations of mucin (1% w/w and above) show hysteresis (Fig. 4. 17). Also 
note that the refractive index of the adsorbed layer is decreasing with increasing 
concentration. Here it could be that two molecular species (entangled and non-
entangled) adsorb. The rapid release of one species, most likely the entangled causes 
the jump in refractive index with gaps left by the desorbing molecules. These gaps are 
rapidly filled by the remaining layer which then desorbs in a similar manner for all 
concentrations (refractive index around 2 decreases slowly). 
 
 
 
Figure 4.17: High concentration mucin anisotropy. 1, 3 and 10% mucin effective 
refractive index against mass adsorbed. Orange arrows depict adsorption and black 
arrows desorption. 
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4.2.3       Mucin adsorption/desorption model 
For the semi-dilute regime many of the molecules are not entangled with each other 
and therefore adsorb as a single layer (Fig. 4. 18). The molecules most likely stretch 
out and it is proposed that the high refractive indices are due to the layering of sugars 
on proteins or the layering of chains on flattened globules. 
 
 
 
 
Figure 4.18: Mucin adsorption/desorption model – semi-dilute regime. For the fence 
Regime D~l  where D is the mean thickness of the layer and l the Debye Length. 
 
The presence of entangled species at higher concentrations leads to the formation of a 
bi- layer like structure. Here some of the non-entangled species will still adsorb and 
the entangled species will also attach (Fig. 4. 19). The lower refractive indices could 
therefore be due to the formation of columnar like structures in the second layer (see 
AFM image, Appendix D. 1) which returns to monolayer rapidly after washing. 
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Figure 4.19: Mucin adsorption/desorption model – entangled regime. For the fence 
Regime D~l  where D is the mean thickness of the layer and l the Debye Length. For 
the pancake regime D>>l. 
 
This forms a layer of adsorbed non-entangled fence molecules and entangled with 
pancakes molecules. The rapid loss of the pancake molecules is proposed as an 
explanation of the super-exponential desorption seen.  
 
4.2.4      Summary 
In conclusion, insight into the molecular structure of the deposit is given by the 
desorption kinetics. A main consequence of entanglement is that equilibration times 
are very long, hence the observed behaviour is mainly governed by the kinetics. The 
revelation of the qualitatively di erent deposits created from di erent bulk mucin 
concentrations is expected to have important implications for the ability of mucin to 
lubricate surfaces. In addition the entropic depletion and hysteresis, which were first 
perceived as problematic have themselves been able to provide clues into the 
behaviour of mucin at the interface.   
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4.3 Temperature effects on mucin film characteristics 
Irrespective of external temperature, homeotherms such as mammals and birds have 
body temperatures that range from approximately 36 to 40 oC. There are however 
many multicellular organisms inhabiting some of the earth’s most hostile 
environments that are poikilothermic and do not regulate their body temperature, 
which is therefore close to that of their environment. For example teleosts live in 
waters that range from close to zero on one extreme to temperatures around 25 oC and 
desert ants such as Cataglyphis bicolor forage at temperatures that can exceed 60 oC 
[96].  
 
It is already well established that the enzymes of microbial extremophiles have subtly 
di erent amino acid sequences from those of their relatives living at normal 
temperatures. In other words, nature has solved the problem of altering enzymes to 
work at di erent temperatures. However, an enzyme adapted to high temperature 
functions badly at low temperatures, just as the ordinary versions of the enzyme 
function badly at high temperatures. The enzymes (and other proteins) of 
poikilothermic organisms require a more sophisticated adaptation that allows them to 
function over a broad range of temperatures.  
 
Motility is essential for most of the immediate survival needs of multicellular animals, 
and hence functions such as joint lubrication must fully function across the range of 
temperatures encountered throughout the life of the organism. We note that mucins 
are found across all animal phyla, which poses the puzzle as to how they are able to 
retain the ability to function across a wide temperature range. It is evident that mucin 
must adsorb in order to function as a lubricant [123]. The same prerequisite applies to 
its other functions and hence adsorption/desorption characteristics at di erent 
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temperatures (25.0 to 60.0oC) are investigated here.  
 
4.3.1          Experimental results and discussion  
 
We use Optical waveguide lightmode spectroscopy (OWLS) a “molecular 
microscope” [185] to provide high resolution kinetic adsorption and desorption data. 
Dynamic light scattering (DLS), carried out by Dr Gleb Yakubov (Appendix E. 1) is 
used to establish changes in  dissolved mucin conformation at di erent temperatures. 
The temperature range investigated is 25–60 oC. 
 
4.3.1.1        Adsorption.  
Figure 4. 20 shows typical results. The striking increase in saturated mass Msat with 
increasing temperature seems counterintuitive because proteins are known to be 
generally unfolded at higher temperatures. They should therefore occupy more space 
per molecule and the mass at saturation should be lower. We note, however, that the 
thermal expansion of only a very small number of proteins (all globular) have in fact 
been carefully investigated [196].  
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Figure 4.20: Representative plots of the amount of mucin, calculated from the 
OWLS data, adsorbed on Si0.6Ti0.4O2 from a 0.1% w/w bulk solution against time 
for 25.0, 37.0 and 60.0 oC.  
 
According to the general adsorption equation [162]:  
dM/dt = kac*φ(M, a)  (10) 
where ka is the adsorption rate coe cient, c* is the e ective concentration in the 
vicinity of the adsorbent surface; for the moment we shall assume that c*~
 
cb), φ is the 
available area function and a is the area occupied per molecule. Plots of dM/dt vs M 
could be very well  t t ed for all T by a random sequential adsorption process [86]. The 
 tting parameters were (a/mθJ) and kac*. The fitted parameters, or the practically 
useful quantities derived from them, are gathered in Table 4. 5. 
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Table 4.5: Adsorption parameters for 0.1% mucin at di erent temperatures. The units 
of M are µg cm s-1. Msat(meas)
 
is the highest observed adsorbed sat amount, and Msat(fit) 
is the amount calculated from the  tted a assuming θJ = sat 0.54, appropriate for 
spheres and spherocylinders. Rh was determined from the dynamic light scattering 
measurements and D calculated from Rh using the Stokes Einstein relation.  
t Msat(meas) Msat(fit) a/nm2 ka/cms- 1  Rh/nm D/cm2 s- 1  
25 0.14 0.19 267.0 ± 0.2  1.2 × 10-6  12 2 × 10-7  
37 0.39 ± 0.02  0.45 113 2.7 × 10-6  10.5 3 × 10-7  
60 0.53 ± 0.05  0.63 81.5 12 × 10-6  9 7 × 10-7  
 
4.3.1.2        Molecular size  
From Table 4. 5 it is clear that the adsorption rate increases with temperature, whilst a 
decrease, corroborating the reduction seen for Msat
(meas) 
as the temperature decreases. 
Upon closer scrutiny, however, one notices that the values of Msat
( t )  
= θ J m/a are 
signi cantly larger than the Msat
(meas) 
observed directly. The discrepancy is too large to 
be accounted for by not having allowed adsorption to continue long enough to reach 
ultimate saturation. It could of course be that we have used too great a value of θJ , 
but even very elongated objects only have a value a few percent less than the one we 
have used [85]. In order to match Msat
( t)  
with Msat
(meas) 
we would need θJ ~ 0.3, which 
does not correspond to any known and investigated shape. 
 An obvious question to answer is whether the bulk conformation of the mucin also 
varies with temperature. Table 4. 5 also reports the hydrodynamic radii obtained from 
the dynamic light scattering measurements (Appendix E. 1). These also show a 
marked decrease with increasing temperature. One notes that a ~
 
Rh2 except for the 
lowest temperature (25 oC), where a is almost double the hydrodynamic radius 
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squared. 
 
The thermal contraction of mucin is in sharp contrast to the thermal expansion noted 
for globular proteins [95]. In fact, Hiebl and Maksymiw concluded that even for these 
relatively “simple” molecules, the expansion was “anomalous” because of the 
presence of bound water, with a di erent  thermal expansion coe cient from that of 
bulk water, and the quantity of which itself diminishes with increasing temperature 
[197, 198].  
 
Mucin, with its extensive glycosylation (about half of the molecular mass), is very 
extensively hydrated at room temperature. It could however be that mucin falls into 
the “natively open” class of proteins (whereas lysozyme and albumin, investigated by 
Hiebl and Maksymiw, are natively closed) [109]. This would in fact be the most 
straight forward explanation of the thermal contraction, with complications arising 
from a redistribution of bound water possibly accounting for the breakdown of the 
expected relation a~ Rh2. Mucin is a polyampholyte, and polyampholytic gels 
composed of triblock copolymers have been shown to contract with increasing 
temperature. The authors suggest competition between the excluded volume e ect (at 
low temperature) that favours intermolecular interactions between opposed charges 
and thermal motion as being responsible [199]. Another explanation is that the 
formation of mucin dimers is promoted at the lowest temperature.  
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4.3.1.3        Adsorption rate.  
The adsorption rate coe cient is approximately related to the adsorption activation 
energy Ea as follows [88]:  
Ka~D(T ) exp(-Ea/kT ) ,  (11) 
where D is the mucin di usion coe cient. By plotting these results as ln (ka/D) vs 
1/T, calculating D from the Stokes Einstein relation (Appendix B. 1) 
where kB is Boltzmann’s constant and η the viscosity, and equating r to Rh, (Fig. 4. 
21) yields Ea = 24.5 +/- 0.5 kJ/mol. In terms of energy per area, we have Ea/a =0.35 
mJ/m
2
, which is within the range of existing measurements for proteins [200].  
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Figure 4.21: Arrhenius plot for adsorption.  
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4.3.1.4           Desorption.  
Mucin has previously (section 4.2.1) been observed to desorb according to a double 
stretched exponential (Kohlrausch) law [201] and the same behaviour was observed at 
all temperatures studied. The Kohlrausch law was  tted to the experimental data, 
yielding the parameters given in Table 4. 6. The fact that these two desorption phases 
are present at all temperatures investigated suggests that the essential functional 
properties of the composite adsorbed mucin structure are indeed conserved across a 
wide temperature range.  
 
Table 4.6: Desorption parameters for di erent temperatures. Uncertainties are s.e.m. 
and errors for f are estimated as +/-0.04. The parameter τ = Γ(1/β)τ /β, where Γ is 
Euler’s Gamma function and τ =1/k, is a measure of the “average” relaxation time.  
 
 
 
Intriguingly, supposing that the desorption follows a simple Arrhenius behaviour 
kd~exp(-Ed/(kB T )), where Ed is the activation energy for desorption, and accordingly 
plotting ln kd1 and ln kd2 vs 1/T (Figs. 4. 22 and 4. 23) yields apparently normal 
behaviour for the initial rapid desorption phase, but inverse Arrhenius behaviour for 
the subsequent slow desorption phase—i.e. desorption decelerates as the temperature 
is raised.  
 
t f 1 k1 /mHz β1 K2 /mHz β2 τ 2 
25 0.15 1.29 ± 0.08 0.980 ± 0.002 0.1000 ± 0.001 0.479 ± 0.002 6 hrs 
37 0.25 1.34 ± 0.03 1.331 ± 0.001 0.085 ± 0.001 0.423 ± 0.001 9.3 hrs 
60 0.3 1.72 ± 0.02 1.310 ± 0.001 0.075 ± 0.001 0.343 ± 0.001 20 hrs 
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Figure 4.22: Arrhenius plot for desorption (fast phase).  
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Figure 4.23: Arrhenius plot for desorption (slow phase).  
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Furthermore, the desorption activation energy (Ed1 ) for the rapidly desorbing layer is 
only 6.9 kJ/mol, i.e. much lower than Ea! This is incomprehensible from the simple 
protein adsorption model (e.g. [88]) in which Ed must exceed Ea.  
 
Before addressing these puzzles, we shall recall that our previous investigations 
established that mucin adsorbs to forms a composite two layered structure with the 
upper layer desorbing much faster than the layer closest to the substrate [201]. This 
model provides a very simple explanation of why Ed1 < Ea: the adsorption activation 
energy deduced from our measured adsorption kinetics is dominated by the energy of 
adsorption of the layer closest to the surface, hence the Ansatz Ed >Ea does not apply.  
 
The inverse Arrhenius behaviour observed for the layer adjacent to the substrate 
recalls the inverse Arrhenius behaviour of enzyme kinetics [202], and hence suggests 
a much more active adsorption mechanism than that which is usually invoked. 
According to Blumenfeld’s mechanism, the initial (enzyme substrate) binding 
reaction changes the conformation of the enzyme active site, thereby creating strain 
between it and the rest of the molecule; the relaxation of this strain then drives the 
substrate to product reaction, but higher temperatures increasingly decouple the 
relaxation from driving the reaction, the rate of which therefore decreases. We 
propose that the initial mucin-substrate (i.e. the adsorbent) reaction creates strain 
within the molecule, which is used to drive internal conformational changes that, inter 
alia, facilitate desorption. At higher temperatures this coupling is increasingly broken 
and the protein remains in a more primitive, di cult-to-desorb conformation. 
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4.3.1.5        Hysteresis and temperature. 
Unlike increasing concentration, changing temperature for 0.1% w/w mucin does not 
result in a measured hysteresis (Fig. 4. 24). 
 
 
Figure 4.24: Temperature hysteresis. 0.1% w/w mucin refractive index change as a 
function of adsorbed mass at 25.0, 37.0 and 60.0 oC. 
  
There is no hysteresis which implies that the structure of the layer is similar for all 
temperatures i.e. there are no entanglement changes due to temperature. The increase 
in refractive index as the temperature is increased does suggest that the molecules are 
in a layered formation. Coupled with the change in molecule size (which becomes 
smaller) it is suggested that at higher temperatures the molecules form densely packed 
layers.   
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4.3.1.6       Summary 
The two state adsorption model for porcine gastric mucin previously established at 
room temperature [200] has been corroborated up to 60 oC. Mucin has been shown to 
contract with increasing temperature, a nd retain this contracted conformation upon 
adsorption. Signi cant and complex conformational changes take place in the 
adsorbed layer, resulting in an inverse Arrhenius dependence of desorption. 
 
4.4        Salt 
Here the effect of the Hofmeister series on mucin adsorption/desorption using sodium 
fluoride (NaF), sodium chloride (NaCl) and sodium iodide (NaI) are investigated. 
From the traditional Hofmeister series definition one would expect the kosmotrope, 
NaF should stabilise the native conformation of the mucin. This could reduce its 
ability to undergo post adsorption conformational changes and inhibit the formation 
of the fence/pancake regimes. NaCl is known to shield electrostatic interactions and 
one would expect that the mass adsorbed increases for this salt. Chaotropic NaI 
however should destabilise the native structure and in theory reduce the saturated 
mass. The data discussed in the following section for mucin do not fit these criteria 
and the possibility of mucin as a natively open protein whereby kosmotrope and 
chaotrope roles are reversed is presented [108].  
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4.4.1              Experimental results and discussion 
The increase in Msat (Fig. 4. 25) for NaCl solutions suggest that the electrostatic 
charges are screened. 
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Figure 4.25: Adsorption/desorption of 0.1% mucin dissolved in pure water, 0.2M 
NaCl, NaI and NaF onto Si0.6Ti0.4O2. 
 
As does the reduction of adsorbed molecule size and adsorption rate (Table 4. 7).  
 
Table 4.7: Adsorption parameters for 0.1% mucin  in ultrapure water, 0.2M NaCl, NaI 
and NaF. 
 
Salt a / nm2 ka / mHz cm s-1 
Zero (H2O) 267.5+/-0.1 1.51 +/- 0.04 
Nacl 237.3+/-0.3 3.13 +/- 0.05 
NaI 519.2+/-0.7 0.32 +/- 0.05 
NaF 0 0 
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In addition the adsorption rate is much slower than that of mucin in water and the 
system is less glassy, suggesting that NaCl reduces the interaction with surrounding 
molecules whilst increasing the substrate interaction (Table 4. 8).  
 
Table 4. 8. Desorption parameters for 0.1% mucin  in ultrapure water, 0.2M NaCl, 
NaI and NaF. 
 
 
 
As suggested earlier mucin is thought to belong to the natively open proteins and for 
these there are some unusual phenomenon predicted [109]. Kosmotropes will 
destabilise the native conformation whilst chaotropes will stabilise. This would fit for 
the NaI desorption data (Table 4. 8) as one might expect an increase in β2 as the 
stabilised molecules interact less with each other, (due to their restricted 
conformation).  
 
NaF remains an anomaly although it could be that the native conformation is so 
extensively destabilised that it cannot bind the surface. A further clue to the behaviour 
could be that the hydrophilic/hydrophobic changes enforced by NaF upon the protein 
could inhibit the surface adsorption of mucin in NaF. For natively unfolded proteins, 
kosmotropes should render the protein more hydrophilic and this could drive the 
retention of the mucin in the NaF solution preventing adsorption to the substrate.  
 
 
Salt Msat k1 /mHz β1 f 1 k2 /mHz β2 τ 2 
Zero 0.14 1.535+/-0.001 1.47+/-0.02 0.2 0.402+/-0.002 0.2562+/-0.0005 3.6 
NaCL 0.20 0 0 0 0.656+/-0.001 0.0736+/-0.0004 5.1 
NaI 0.07 0 0 0 0.573+/-0.001 0.1960+/-0.0001 2.3 
NaF 0 0 0 0 0 0 0.0 
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Dynamic light scattering of 0.1% mucin dissolved in water, 0.2M NaCl, NaI and NaF 
carried out by Dr Gleb Yakubov (Appendix E. 2) provides more evidence for mucin 
as a natively unfolded protein. Here the NaI (a chaotrope) not only stabilises the 
protein conformation in the bulk it also slightly reduces its size. NaF has the opposite 
effect whereby the molecule becomes larger and one can speculate less stable. The 
large increase for the NaCl could be attributed to the electrostatic screening and 
consequently the increased freedom in the bulk. One can imagine that this would also 
enable a greater degree of substrate freedom for NaCl.   
 
 
4.4.2        Summary. 
 
The chaotropic stabilisation and the kosmotropic de-stabilisation of mucin places it in 
the natively open protein family. The inhibition of mucin adsorption in the presence 
of NaF is truly remarkable. One can imagine that for fluoride containing products (i.e. 
toothpaste) the reduction of mucin close to the interface could elicit a mechanical 
sensation.     
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5.0 Function 
 
The primary functions of the mucosa are protective and sensory. Reducing friction via 
lubrication is the most important factor for protection of the underlying epithelia and 
mucin as a biolubricator will be discussed here. Mucins role in mucosal sensing is 
also discussed via its proposed activity during the astringent sensation. Finally cell 
response to mucin surfaces and mucin surfaces which contain EGCg will be 
discussed. 
  
5.1 Lubrication – experimental results and discussion 
At present ion-ball bearing, brush-brush and poroelastic mechanisms are the accepted 
phenomena which occur during biolubrication. These mechanisms have been well 
proven (chapter 2, section 2. 4) and they are not disputed here. An additional 
mechanism is proposed from studying the lubricating properties of the adsorbed 
mucin layers with regard to the adsorption-desorption behaviour. These data suggest 
that the adsorbed layer dynamics are also important for biolubrication. Ball-on-disk 
tribometry carried out at Unilever by Dr Gleb Yakubov (see Appendix F. 1) using soft 
surfaces is provided as additional evidence for the importance of the layer dynamics. 
The observations will be discussed in terms of a new additional lubrication model for 
biolubrication. 
 
Tribology data for ‘smooth’ surfaces can be summarised as having a boundary and 
mixed regime which are concentration dependent (Appendix F. 1, Fig. F. 1). 
Hydrophobic ‘rough’ surfaces on the other hand show no concentration dependency 
in the mixed regime although the boundary regime is concentration dependent. Finally 
hydrophobic rough surfaces show no facilitation of lubrication. Taken together these 
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suggest that if the surface roughness is larger than the film thickness then the contact 
angle dominates i.e. liquid entrainment into the contact. Of more interest are the 
smooth surfaces as the roughness is comparable with the layer thickness and here 
there is concentration dependency i.e. the layer properties are important for 
lubrication. 
 
Mucin has been shown to attach very well to pure waveguides which are hydrophilic.  
Experiments were also conducted on hydrophobic (silanized) waveguides. The kinetic 
parameters (Table 5. 1) confirms the similarities with hydrophilic substrates and 
suggests that the composite two layered structure is formed at hydrophobic surfaces 
also [201].  
 
Table 5.1: Mucin desorption parameters from silanized SiTiO2 hydrophobic surfaces. 
Uncertainties are s.e.m. 
c b 
% w/w k1 /mHz β1 f 1 k2 /mHz β2 τ 2 
0.01 1.639+/-0.004 1.27 /-0.08 0.20 0.2967+/-0.0002 0.403+/-0.002 3.0 hrs 
0.1 1.535+/-0.001 1.47+/-0.08 0.22 0.2562+/-0.0005 0.402+/-0.002 3.6 hrs 
1.0 2.147+/-0.001 1.50+/-0.02 0.40 0.2310+/-0.0004 0.396+/-0.001 4.1 hrs 
3.0 2.087+/-0.001 1.51+/-0.03 0.49 0.4463+/-0.0011 0.317+/-0.002 4.6 hrs 
10.0 2.314+/-0.003 1.495+/-0.05 0.73 0.5096+/-0.0078 0.301+/-0.002 4.9 hrs 
 
 
It is also clear that the mass at saturation Msat is higher for hydrophobic surfaces 
across all concentrations (Table 5. 2) which is probably due to roughening that occurs 
during silanization [203]. Taken together these data suggest that the two layer 
structure starts to form at 0.01 % w/w on hydrophobic surfaces (as it does on 
hydrophilic) although up to 1 % w/w the faster desorbing uppermost layer is small, 
whereas above 2-3% w/w this layer becomes relatively thick [201]. 
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Table 5.2: Hydrophilic and Hydrophobic saturated mass values for different bulk 
mucin concentrations after 18 minutes of adsorption time. Errors are S.E.M. 
 
 Hydrophobic Hydrophilic 
Cb mg/cm3 Msat error Msat error 
0.1 0.130 0.003 0.14 0.05 
1.0 0.195 0.004 0.13 0.02 
10 0.295 0.039 0.19 0.02 
30 0.415 0.032 0.30 0.04 
100 0.881 0.013 0.55 0.08 
 
 
From Appendix F. 1, Fig. F. 4 and F. 5 it appears that as more mass is adsorbed there 
is less relative change in boundary friction i.e. it becomes less concentration 
dependant. If one aims to generate an effective lubricant these data suggest that the 
most important factor is to decrease desorption time and not to increase adsorbed 
mass per se. We see this effect occurring for mucin. In addition the similar 
concentration dependent lubricating behaviour of chitosan (Appendix F. 1) suggests 
that although highly charged, chitosan is a less effective lubricator. Therefore charge 
may be of secondary importance.  
 
This work highlights certain aspects of biopolymer lubrication that were not 
previously considered. First the results illustrate the importance of the dynamics of an 
adsorbed film whereas the majority of previous results [202, 203, 204, 205, 206, 207, 
208, 209, 210, 211, 212, 213, 123, 126] were focused on the structure of the film, e.g. 
brush versus adsorbed configurations. In contrast to structural features, the dynamics 
can be easily modified at biosynthesis and therefore a number of various properties 
can be achieved with a relatively minor degree of post modifications. For mucins 
these modifications are related to the glycosylation of the protein chain. Even small 
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variations in composition can significantly alter the lubricating functionality of the 
molecules. 
 
5.1.1     Summary 
Mucin has been shown to facilitate lubrication between hydrophobic PDMS surfaces 
leading to a reduction in the boundary friction coefficient. The lubrication behaviour 
of mucin was found to be concentration dependent. It is proposed that local adsorbed 
film dynamics (composite layer structure) are crucial for lubrication, which, thus far 
have not been investigated for biolubrication. Also highlighted is the importance of 
surface roughness on observed lubrication behaviour. If roughness is much larger than 
the thickness of the adsorbed film the mixed regime is dominated by the contact 
angle. On the other hand if the roughness is comparable with the thickness of the 
adsorbed film then the film properties should impact on mixed regime, and dominate 
boundary lubrication. This is indeed the case for mucin. The lubrication of chitosan is 
also concentration dependent, albeit much weaker than mucin suggesting that the 
adsorbed film dynamic properties are of primary importance for effective lubrication. 
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5.2 Astringency 
The most pertinent example of oral mechanical stimulation is astringency, a dry, 
puckering sensation. It is a diffuse surface phenomenon, taking many seconds to 
develop and has been linked to a reduction in saliva’s lubricating properties [7, 8, 9]. 
Here mucin adsorption/desorption characteristics are evaluated in the presence of 
EGCg. These data suggest that EGCg stabilises the mucin layer, although above a 
critical concentration the mucin layer breaks down. We show how this concentration 
switch is related to the astringent perception evaluated in the literature. The presence 
of a temperature switch is more difficult to interperate and the possibilities are 
discussed.   
 
5.2.1 Experimental results and discussion 
Optical waveguide lightmode spectroscopy is used in to measure the 
adsorption/desorption characteristics. Dynamic light scattering (DLS) carried out at 
Unilever Colworth by Dr Gleb Yakubov confirm the OWLS findings (Appendix F. 2).  
 
5.2.1.1 Concentration switch  
First the adsorption/desorption characteristics of 0.1% w/w and 3% w/w mucin 
solutions mixed with EGCg are investigated. Next the influence of epicatechin (EC) 
and finally the affects on an established layer of mucin are investigated by flowing 
0.1% mucin mixed with EGCg and EGCg alone (in water) over an already established 
0.1% w/w mucin layer adsorbed onto the waveguide.  
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5.2.1.2   Mucin + EGCg adsorption onto pure waveguides 
The adsorption/desorption curves show clearly that more mass is adsorbed when 
EGCg is added to the mucin solution. There are two possibilities, either the EGCg is 
incorporated into the adsorbed layer or the EGCg controls the adsorption of the mucin 
molecules at the interface. These possibilities, as will become apparent are difficult to 
determine. Also note that at very high concentrations (1% w/w EGCg) the layer 
breaks down (Fig. 5. 1). 
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Figure 5.1: Typical result of mucin adsorption/desorption. 0.1% w/w mucin pre- 
mixed with EGCg concentrations spanning 0.001 to 1% w/w. 
 
 
The dynamic light scattering (carried out by Dr Gleb Yakubov, Appendix F. 2) clearly 
suggests that mucin forms aggregates in solution and possibly complexes with the 
EGCg. However this does not necessarily mean that the EGCg molecules will be 
incorporated into the layer upon adsorption. In order to investigate further the 
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adsorption kinetics (Table 5. 3orption kinetics (Table 5. 4) were plotted using the 
analytical techniques which were previously used for mucin solutions alone.  
 
Table 5.3: Adsorption parameters for 0.1% mucin mixed with varying concentrations 
of EGCg (0.01-1.0%). Uncertainties are s.e.m. 
 
EGCg concentration (% w/w)  
dissolved in 0.1% mucin a / nm2 ka / mHz cm s-1 
0 268.0 ± 0.2 1.20 ± 0.04 
0.01 257.4 ± 0.4 2.12 ± 0.08 
0.1 194.3 ± 0.4 4.62 ± 0.07 
0.5 169.0 ± 0.3 4.84 ± 0.05 
1.0 105.2 ± 0.6 4.94 ± 0.07 
 
 
From Table 5. 3 one can see that higher concentrations of EGCg result in a smaller 
adsorbed molecule at the surface suggesting that the EGCg is collapsing the mucin at 
the interface. Note that this behaviour is in stark contrast to that which occurs in the 
bulk whereby the complex size increases with increasing EGCg concentration 
(Appendix F. 2). Investigating the desorption kinetics (Table 5. 4) should provide 
additional information on the structural properties of the layers derived from mucin + 
EGCg solutions.   
 
 
Table 5.4: Desorption parameters for 0.1% mucin mixed with EGCg. Uncertainties 
are s.e.m. 
 
EGCg 
concentration Msat k1 /mHz β1 f 1 k2 /mHz β2 τ 2 
0 0.14 2.147+/-0.004 1.50+/-0.04 0.15 3.3 
0.01 0.22 3.940+/-0.006 1.51+/-0.06 0.20 4.4 
0.1 0.34 3.222+/-0.004 1.63+/-0.07 0.25 29.0 
0.5 0.45 5.351+/-0.012 1.78+/-0.07 0.52 208.1 
1.0 0.76 7.286+/-0.007 2.16+/-0.08 0.75 
0.1750+/-0.0001 
0.1890+/-0.0001 
0.2097+/-0.0001 
0.1798+/-0.0003 
3.3550+/-0.2129 
0.4975+/-0.0001 
0.4170+/-0.0035 
0.2539+/-0.0026 
0.1928+/-0.0014 
0.2456+/-0.0014 2.2 
 
 
It is clear that a concentration switch occurs, whereby the addition of EGCg no longer 
increases desorption time (tau) above 0.5% w/w (Table 5. 4).  Increasing the 
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concentration of EGCg (up to 0.5 % w/w) results in a reduction of β2 which suggests 
that the system is increasingly glassy. It could be that at 1% w/w EGCg the 
concentration is so high that it collapses the mucin molecules (see also size changes, 
Table 5. 3) thereby affecting their adsorption/desorption characteristics.  
 
For 3% mucin concentrations there is again an increase in Msat as seen for 0.1% (Fig. 
5. 2). Indeed it is also clear that the addition of EGCg has a similar effect as seen for 
the semi-dilute regime.  
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Figure 5.2: Mucin adsorption/desorption. 3% w/w mucin mixed with 0.01, 0.1 and 
1.0% EGCg. Inset is expanded view of slow phase desorption. 
 
Most striking are the effects of EGCg on the area occupied by the adsorbed mucin 
molecules (Table 5. 5). For 1% w/w EGCg this value is approximately 1/10th the 
value for EGCg free solutions.     
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Table 5.5: Adsorption parameters for 3% mucin mixed with varying concentrations of 
EGCg (0.01-1.0%). 
 
EGCg concentration (% w/w)  
dissolved in 3 % mucin a / nm2  ka / mHz cm s-1 
0 199.0 ± 0.2 4.37 ± 0.03 
0.01 90.5 ± 0.7 5.75 ± 0.02 
0.1 46.7 ± 0.3 16.6 ± 0.04 
1.0 27.4 ± 0.4 22.8 ± 0.05 
 
 
There is no doubt that this reduction in adsorbed area effects the desorption kinetics 
and contributes to the rapid depletion of the layer at 1% w/w EGCg (Table 5.6).  
   
Table 5.6: Desorption parameters for 3% mucin mixed with EGCg. Uncertainties are 
s.e.m. 
 
EGCg 
concentration Msat k1 /mHz β1 f 1 k2 /mHz β2 τ 2 
0 0.14 3.940+/-0.003 1.5+/-0.03 0.41 9 days 
0.01 0.22 3.444+/-0.001 1.41+/-0.04 0.45 5 days 
0.1 0.34 2.604+/-0.004 1.33+/-0.04 0.50 19 hrs 
1.0 0.76 2.579+/-0.006 1.28+/-0.06 0.76 
0.10+/-0.002 
0.08+/-0.001 
3.55+/-0.012 
177.54+/-0.356 
0.2130+/-0.0001 
0.2379+/-0.0035 
0.1848+/-0.0026 
0.1374+/-0.0014 5 hrs 
 
 
It is therefore possible that the presence of EGCg in the bulk will either collapse or 
cross- link with the mucin or that its presence drives the aggregation of mucin 
molecules. Most likely at very high concentrations the EGCg collapses the mucin 
molecules as the layer is drastically affected (both 0.1 and 3.0% w/w mucin). The 
adsorbed molecule area is a critical factor affecting layer characteristics as τ for all 
0.1% w/w mucin + EGCg; with the exception of 1% w/w EGCg is increased. The 
opposite is true for 3% w/w mucin whereby even the lowest concentration of EGCg 
reduces τ.    
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Mucin therefore appears to form complexes (micelles) in the bulk which incorporate 
into an adsorbed layer (Fig. 5. 3). There is however the possibility that mucin is not 
incorporated into the adsorbed layer.  
 
 
 
 
Figure 5.3. Mucin + EGCg behaviour in the bulk and at an interface. Mucin forms 
complexes with EGCg in the bulk and it is most likely that the EGCg bound to the 
mucin is also incorporated into the adsorbed film at the interface. 
 
 
5.2.1.3      Mucin + EC adsorption onto pure waveguides 
In order to determine if the galloyl group were important we investigated 
adsorption/desorption using epicatechin (EC) as this catechin does not have the 
galloyl group. As is the case for mucin + EGCg solutions the absorbed mass for 
mucin mixed with EC is much higher than that of mucin alone (Fig. 5. 4). Note that it 
was only possible to investigate one concentration due to experimental constraints.  
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Figure 5.4: Adsorption/desorption plot for 0.1% w/w mucin in water and 0.1% w/w 
mucin mixed with 0.1% w/w 0.2 % w/w EC. 
 
However differences in behaviour become apparent when investigating the kinetics. 
The molecule area, a, is much smaller for solutions containing EC (Table 5. 7) than 
those of EGCg (Table 5. 3). This suggests that even for this low concentration of EC 
the mucin molecules are collapsed as is the case for much higher concentrations of 
EGCg + mucin.    
 
Table 5.7: Adsorption parameters for 0.1% w/w mucin mixed with 0.2% w/w EC. 
Uncertainties are s.e.m.   
 
 
 
 
It is therefore hypothesised that the mucin molecules do not complex with the EC and 
instead are collapsed. Examining the desorption kinetics it is clear that the Msat before 
EC concentration (% w/w)  
dissolved in 0.1% mucin a / nm2 ka / mHz cm s-1 
0.2 97.7 ± 0.6 5.64 ± 0.08 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 115 
desorption is much higher for mucin + EC solutions (Table 5. 8) than for mucin + 
EGCg, indeed one would need 0.5% w/w EGCg to have a similar effect (Table 5. 4). 
The β1 and kd1 are almost identical suggesting a similar process occurs here. β2 is 
interesting as it is only slightly smaller than mucin alone and is much higher than that 
of 0.1% w/w EGCg mixed with mucin (Table 5. 3) and could imply that structure of 
the adsorbed layer is similar to that of the mucin only layer, albeit with more 
molecules at the interface, i.e. EC collapses the mucin molecules in the bulk and is not 
incorporated into the layer.    
     
Table 5.8: Desorption parameters for 0.1% w/w mucin mixed with 0.2% w/w EC. 
Uncertainties are s.e.m.   
 
EC 
concentration Msat k1 /mHz β1 f 1 k2 /mHz β2 τ 2 
0.2 0.42 2.029+/-0.002 1.47+/-0.05 0.20 0.1186+/-0.0001 0.4198+/-0.0001 6.8 
 
 
Low EC concentration therefore has little impact on the characteristics of the 
adsorbed mucin layer when compared with low EGCg concentration.       
 
5.2.1.4 Mucin + EGCg adsorption onto established mucin 
layers 
Further clues are provided by investigating EGCg and mucin + EGCg flowed over an 
already established mucin layer (Fig. 5. 5). 
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Figure 5.5: Typical results of 0.1% w/w mucin in water and 0.1% w/w mucin mixed 
with EGCg flowed over 0.1% mucin layer.  
 
Clearly the large mucin+ EGCg complexes in the bulk contribute to the larger 
adsorption seen, although after washing very little remains. EGCg has a dramatic 
effect on the desorption characteristics (Table 5. 9).  
 
Table 5.9: Desorption parameters for EGCg mixed with water and 0.1% mucin mixed 
with EGCg flowed over an established 0.1% w/w mucin layer. Uncertainties are 
s.e.m.  
Concentration 
EGCg Msat k1 /mHz β1 k2 /mHz β2 τ 2 
0 0.14 2.147+/-0.001 1.50+/-0.02 0.1750+/-0.0001 0.4925+/-0.0001 3.3 
0.01 0.16 1.910+/-0.001 1.00+/-0.16 0.0259+/-0.0003 0.4223+/-0.0016 30.9 
0.1 0.26 1.610+/-0.002 1.04+/-0.18 0.0030+/-0.0001 0.1906+/-0.0015 2 yrs 
0.5 0.38 1.783+/-0.007 1.04+/-0.32 0.0024+/-0.0001 0.0837+/-0.0020 >2yrs 
1 0.4 2.067+/-0.010 1.02+/-0.11 0.0169+/-0.0002 0.0698+/-0.0040 >2yrs 
      Concentration  
EGCg in 0.1% mucin       
0 0.14 2.147+/-0.001 1.50+/-0.02 0.1750+/-0.0001 0.4925+/-0.0001 3.3 
0.01 0.26 2.100+/-0.001 1.51+/-0.28 0.1589+/-0.0001 0.4801+/-0.0016 3.8 
0.1 0.33 2.010+/-0.001 1.49+/-0.08 0.1440+/-0.0002 0.3223+/-0.0017 13.2 
0.5 0.59 5.653+/-0.007 1.38+/-0.21 4.1410+/-0.0064 0.1602+/-0.0015 76.3 
1 0.75 6.227+/-0.004 1.68+/-0.08 4.3450+/-0.0089 0.1576+/-0.0014 88.8 
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For EGCg in water flowed over the mucin layer there is a small residual increase in 
mass after washing which stabilises the layer to such an extent that τ is 2 years (and 
above) for high concentrations. It does not desorb. Most likely it is forming a layer 
which covers the underlying mucin, constraining the molecules and preventing 
desorption from the surface. If the EGCg molecules bind only the PRO-PRO-ARG 
regions (as is the case for proline rich proteins) then one would expect very little 
EGCg adsorption (as this site may also bind the substrate). EGCg must also bind other 
mucin regions.  
 
For EGCg dissolved into a 0.1% w/w mucin solution the effect is much less. This 
must be due to the formation of mucin/EGCg complexes which inhibits EGCg activity 
with the adsorbed layer. Indeed at low concentrations of EGCg there is virtually no 
effect on desorption kinetics whilst at higher concentrations the EGCg has a greater 
effect. At high concentrations there will be excess EGCg molecules available which 
will be able to interact with the adsorbed layer, suppressing desorption as is seen for 
EGCg in water solutions.    
 
From these data it is most likely that the mucin molecules complex with EGCg 
molecules at low concentrations. At high concentrations the mucin molecules may be 
collapsed. If the molecules aggregate in the bulk this should occur by either cross-
linking or molecule collapse [214]. We can confirm this by investigating the bulk 
behaviour using dynamic light scattering and atomic force microscopy (carried out at 
Unilever by DR Gleb Yakubov, Appendix F. 2). The radius of gyration (Rg) for this 
mucin is 52 +/- 5 nm and a daisy bead conformation with hydrodynamic radius (Rh) 
of 10 nm +/- 2 nm. If the molecule collapse scenario were true one would not expect 
to see the daisy bead behaviour and instead globule dynamics should be observed. 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 118 
Using polyelectrolyte approximation the hydrodynamic radius (Rh = 0.77* Rg = 40 +/- 
4 nm) and polymer coil approximation (Rh = 0.67* Rg = 35 +/- 3 nm) to calculate the 
globule dynamics one can see that collapsed mucin molecules are only present in the 
bulk at concentrations above 0.5% w/w and that below that typical daisy bead Rh 
values are observed.  
 
Individual collapsed molecules are therefore only present at concentrations above 
0.5% w/w suggesting that at low concentrations interactions can occur (probably via 
cross- linking) whereas at higher concentrations mucin molecules can be collapsed by 
the presence of a high quantity of EGCg molecules. We suggest cross-linking as at 
low concentration we do not see flocculation which would be expected for molecule 
collapse (136, 215). It is clear that mucin clearly interacts with EGCg (Appendix F. 2) 
and that high concentrations deplete the mucin layer. 
 
5.2.1.5 Summary 
We therefore suggest that galloyl group catechins impact heavily on mucosal 
behaviour and in particular the mucin components. The build up of EGCg molecules 
at the surface of the oral mucosa could be responsible for the initial astringency 
feeling [134] whereby the bound molecules evoke a strain on the underlying cells or 
free nerve endings. Consequently the time taken to build up the coating is analogous 
with the slow onset of the sensation [7, 8] and as the concentration of EGCg increases 
beyond a critical value the surface coating breaks down and the astringency feeling is 
lost. 
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EC also interacts with mucin although via a different mechanism as functional 
characteristics of the mucin layer are not affected. The galloyl ring is therefore 
thought to be responsible.   
 
Mucin molecules could be forced (by the surrounding EGCg molecules) into 
entangled conformations which adsorb in a similar manner as those adsorbed from 
EGCg free solutions. Alternatively mucin may complex with EGCg and be 
incorporated into the adsorbed layer in a manner which does not affect the 
mucin/substrate binding site.  
 
5.2.2 Temperature switch 
As has been already discussed the effect of temperature is an important parameter for 
studying mucin behaviour and combining with EGCg should provide further 
information. There is a temperature switch. Adsorbed mass increases with 
temperature up until 37 oC where it decreases (Fig. 5. 6).  
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Figure 5.6: Mass time plot for 0.1% w/w mucin mixed with EGCg (0.1% w/w) 
solutions at different temperatures.   
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This is corroborated by the adsorption parameters fitted using RSA (Table 5. 10). It is 
important to note that the size of the adsorbed area for the molecule decreases up to 
37 oC at which point it increases.   
 
Table 5.10: Adsorption characteristics. 0.1% w/w mucin mixed with 0.1% w/w EGCg 
and absorbed at different temperatures on to a SiTiO2 substrate. 
 
T 
EGCg 
% w/w a / nm2 ka / mHz cm s-1 
25 0 268.0 ± 0.4 1.23 ± 0.04 
37 0 113.4 ± 0.4 2.76 ± 0.05 
25 0.1 196.6 ± 0.7 4.62 ± 0.07 
30 0.1 137.4 ± 0.8 4.85 ± 0.03 
33 0.1 116.0 ± 0.3 5.02 ± 0.03 
37 0.1 168.2 ± 0.2 2.73 ± 0.06 
 
 
This behaviour has a profound effect on the desorption behaviour (Table 5. 11). 
Instead of seeing an increase for τ as the temperature increases (as we would expect 
for mucin only) there is a decrease in τ. 
 
Table 5.11: Desorption characteristics for 0.1% w/w mucin and 0.1% w/w mucin + EGCg 
solutions at temperatures ranging from 25.0 to 37.0 oC. 
t  
EGCg  
% w/w Msat k1 /mHz β1 f 1 k2 /mHz β2 τ 2 
25 0 0.14 0.980+/-0.002 1.29+/-0.15 0.15 0.1 0.479+/-0.002 6 hrs 
37 0 0.39 1.310+/-0.002 1.34+/-0.08 0.25 0.1+/-0.02 0.423+/-0.003 9 hrs 
25 0.1 0.34 3.222+/-0.004 1.63+/-0.12 0.25 0.2+/-0.01 0.21+/-0.001 29 hrs 
30 0.1 0.46 1.197+/-0.005 1.30+/-0.38 0.32 0.1+/-0.03 0.312+/-0.001 27 hrs 
33 0.1 0.51 1.268+/-0.002 1.39+/-0.07 0.37 0.1+/-0.01 0.396+/-0.001 10 hrs 
37 0.1 0.35 2.082+/-0.003 1.79+/-0.16 0.36 0.2+/-0.01 0.398+/-0.004 4 hrs 
 
 
The differences seen at different temperatures could be attributed to an effect imposed 
on the mucin, the EGCg molecule or both. The major influence of temperature 
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increase is most likely on the mucin molecule as EGCg is stable (at temperature 
below 70 oC) for many hours [216]. Earlier we saw that the mucin bulk and adsorbed 
molecule size decrease as temperature is increased (Chapter 4, section 4. 3). 
 
The mucin molecules are obviously getting smaller as the temperature increases 
(Table 4. 5, chapter 4, section 4. 3). When EGCg is added to mucin at the lowest 
temperature (25 oC) the molecule size is also reduced (Table 5. 10). It is sufficient to 
presume that this is occurring for the intermediate (30 and 33 oC) temperatures as the 
adsorbed molecule size is smaller. At 37 oC the adsorbed molecule size increases.   
 
The β2 exponent is a measure of the memory of the system and when EGCg is added 
(25 oC) the system becomes glassier (Table 5. 10). This may be due to cross- linking 
which adds a further step to the desorption process. As the temperature is increased 
the system becomes less stretched suggesting that the EGCg has less effect and at 37 
oC the exponent is close to that of an EGCg free mucin solution.  
 
It would seem from this data that astringency will have greater impact on organisms 
that have body temperatures below 37 oC and it is interesting to speculate 
evolutionarily as to why plants have evolved these molecules in such a way that they 
impact on the mucosa of homeothermic animals less vigorously. One possible reason 
could be seed dispersal. A high percentage of the seed coat is polyphenol [217] and 
land based homeotherms tend to have greater territories than poikilotherms. The 
reduced astringent perception (by homeotherms with body temperatures ~36-40 oC) 
may have had clear evolutionary advantages for those plants that were dispersed by 
homeotherms. 
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5.2.3 Summary 
We show that adding polyphenol increases adsorbed mass of mucin at the solid-water 
interface and that increasing temperature increases the adsorbed mass further. At a 
critical temperature (37 oC) there is a switch whereby the saturated mass decreases. 
This suggests that polyphenol-mucin interactions (and not only polyphenol-protein) 
are also be involved in the astringent perception.          
 
5.3 Cell spreading 
This section will first introduce the initial experimental data which produced results 
that were difficult to interperate. In turn this led to the design of the second 
experimental data set and it is shown here that EGCg can control (via the substrate) 
cell spreading. 
  
5.3.1 Initial experiments 
Initially the affects of catechin on cell morphology were first investigated by growing 
cells on waveguides (on- line) and adding 100µl EGCg (Fig. 5. 7). The cells used were 
murine 3T3 fibroblasts (Appendix C. 1). 
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Figure 5.7: 3T3 fibroblast cells grown online. Buffered medium and serum were first 
flowed onto the waveguide (DHS: Dulbecco’s media containing Hepes and Serum) 
(first curve). Cells were then added, the flow stopped (to allow cells to attach, second 
small curve) and then restarted. Restarting the flow causes the signal to drop slightly. 
Cells were then spread over many hours and 100 µl EGCg is injected (1.0% w/w) at 
around 2,800 minutes and washed with DHS (expanded area).       
 
The results were inconclusive when analysing the data as it was not possible to 
determine if the results were a cell or substrate response (Fig. 5. 8).  
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Figure 5.8: ∆NTE for EGCg added to cell- free and cell-established substrates. EGCg is 
either added in buffered medium + 10% serum (DHS) directly to cells. Or the cells are 
washed for 15 minutes with 0.1M Hepes buffer and then EGCg in Hepes (EH) 
applied.  
 
The ∆NTE was measured for both cell covered substrates and substrates which had no 
cells attached. To eliminate the effect of the proteins in serum the experiments were 
also carried out using Hepes buffer (and also phosphate buffer). The results were still 
inconclusive.  EGCg added to cell free substrates have a larger ∆NTE suggesting 
increased adsorption of EGCg on these surfaces (Fig. 5. 8). This could indicate that 
the differences for substrates which contain cells are due to the reduced area available 
for EGCg surface binding (as the cells are covering the substrate). Initial experiments 
using cells in phosphate buffered saline (PBS) and 0.1% w/w EGCg, using phase 
microscopy suggested that the cells would ‘round up’ and reduce their contact with 
the surface (Fig. 5. 9). These experiments were also carried out using 10mM Hepes 
with 0.1% w/w EGCg giving the same result. 
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Figure 5.9: 3T3 fibroblast cells in PBS with 0.1% w/w EGCg. At the beginning of the 
experiment cells show normal morphology (A) but after 30 minutes incubation with 
EGCg (B) cells round up and reduce in size. 
 
If they are rounding up on the waveguide we would expect a decrease in ∆NTE. This is 
not the case as we see an increase in the signal suggesting more material at the surface 
A 
50 µ m 
B 
50 µ m 
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(Fig. 5. 8). It could be that the cells are releasing material onto the substrate or that 
EGCg is binding the substrate. This approach produced too many variables.    
 
The inconclusive results required a new approach to the problem. If we could not 
measure the affect of EGCg in solution then it would be best to incorporate the EGCg 
into the substrate. This also caused some problems as EGCg does not bind to the 
waveguide directly (Fig. 5. 10).  
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Figure 5.10: EGCg adsorption onto a bare waveguide. Initially a water baseline is 
established after which the EGCg is added (first rising curve, point a). The return of 
the curve to the same position after washing (second curve, point b) implies no 
adsorption has taken place. 
 
Therefore incorporating EGCg into the mucin layer may enable a response from the 
cells.   
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5.3.2    Polyphenol control of cell spreading 
Tissue engineering applications such as wound repair and tissue growth strive to 
mimic the assimilatory role of natural substrata whilst designers of biomedical 
coatings (such as those of certain implants and surgical instruments) may seek to 
assimilate or inhibit protein and cell attachment [218]. One way to inhibit is to use 
natural systems and of particular interest in this regard are the mammalian repulsive 
mucus barriers that actively remove invading cells from the mucosa [122]. The major 
macromolecular component of the mucosal layer is mucin, a family of heavily 
glycosylated, high molecular weight glycoproteins with carbohydrate side chains that  
make up some 50-80 % of the molecule by weight [123, 219]. 
  
Fibroblast and keratinocyte cultures grown on mucin-coated substrata adhere poorly 
when compared with oxidised polystyrene (tissue culture polymers) or mucin surfaces 
that have their O-linked carbohydrates removed [220]. Indeed the sugar moieties seem 
to play a pivotal inhibitory role, as cellulose-coated [221, 222] and dextran sulphate-
coated surfaces (even when over-coated with fibronectin) [223] inhibit cell spreading.  
 
Catechins are a group of plant polyphenol flavonoids found in many fruits and 
vegetables and persist in beverages such as tea [7, 224]. Epigallocatechin gallate 
(EGCg) found at high concentrations in green tea and is known to cause flocculation 
of saliva and complexes with salivary proline-rich-proteins [136]. It has been 
suggested [225] and we have also seen from this work that polyphenols may form 
aggregates with salivary glycoproteins. 
 
The attachment and spreading kinetics of fibroblast cells onto mucin and modified 
mucin + EGCg substrates using laser scanning confocal microscopy and OWLS are 
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investigated. We find that cell attachment and spreading on the mucin substrate is 
greatly reduced when compared with poly-L- lysine controls whilst mucin + EGCg 
substrates restore (at least in part) cell spreading.  
 
5.3.3     Experimental results and discussion 
Using dynamic light scattering we have found increasing mucin hydrodynamic radius 
(Rh) with increasing EGCg concentration (Appendix E, Fig E 6). The complex forms 
a micelle or aggregate most likely in a similar manner to that of proline-rich-
protein/polyphenol interactions [136]. 
 
The structure of adsorbed glycoprotein films with and without EGCg using optical 
waveguide lightmode spectroscopy (OWLS) [174, 175] much more aggregated mucin 
+ EGCg adsorbs than mucin alone (Fig. 5. 1, Chapter 5, section 5.2.1.2). For mucin 
and mucin + EGCg, desorption occurs in two distinct phases, ‘fast’ and ‘slow’. The 
‘fast’ phase disappears before cells are attached and we are only interested in the slow 
phase. This behaviour signifies a change in the mechanical properties, e.g. 
viscoelasticity of the layer [226]. It is most likely that EGCg cross-links the mucin, 
reducing the viscoelasticity of the layer [227]. Note that poly-L- lysine adsorbs 
irreversibly.    
 
The attachment and spreading kinetics of fibroblasts are investigated using OWLS, a 
molecular microscopy technique that has been previously been used to measure the 
attachment and spreading of cells. Behaviour is dramatically different for mucin and 
mucin + EGCg layers (Fig. 5. 11). The sigmoidal kinetics corresponds to cell 
spreading [163]. The rate of physico-chemical association and initial spreading on 
mucin (0 – 10 minutes) is an order of magnitude smaller than that with mucin + 
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EGCg or with PLL. We can see that mucin sharply inhibits spreading compared with 
PLL, but the mucin + EGCg layer is practically as good an early spread-promoting 
substrate as PLL (Fig. 5. 11).  
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Figure 5.11: Cell-substrata interactions monitored by OWLS (monitored as mean 
incoupling peak position shift with time). Fibroblasts spread on 0.1% PLL in water 
(top curve), 0.1% (w/w) mucin in water (lower curve) and 0.1% mucin + 0.1% EGCg 
in water (middle curve). Cells were added at time 0. 0-10minute data were fitted with 
linear least square fits yielding (PLL) 1.7x10-3 ± 2x10-5, (mucin + EGCg) 1.1x10-3 
± 5x10-5 (mucin) 1.7x10-4 ± 9x10-5. For the interval 10 -30 minutes ∆α values were, 
(PLL) 2.1x10-3 ± 9x10-5, (mucin + EGCg) 1x10-3 ± 2x10-5 and (mucin) 3x10-4 ± 2x10-5  
 
Confocal microscopy of cells living on identical substrates shows the organelle 
distribution of the cell (Fig. 5.12). Confirming the OWLS data mucin clearly inhibits 
spreading compared with PLL, but the inhibition is abolished by the admixture of 
EGCg and after 60 minutes the cells on mucin + EGCg are virtually indistinguishable 
from those on PLL. Yet Mucin + EGCg substrata do not lead to long term cell 
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spreading as after 3 hours mucin and mucin + EGCg both look rather similar (Fig. 5. 
11, lower row), and by then α is practically stationary (Fig. 5. 11).  
 
Figure 5.12: Confocal microscopy images of fibroblast cells on poly-L- lysine, mucin 
and mucin/EGCg substrates after 30, 60 and 180 minutes. Sytox (green) stains the 
nucleus and Alexa Fluor555A  stains mitochondrial biotin, yellow indicates red on 
green staining. All images x400 magnification with both 30 minute and 60 minute 
images zoomed (x4.5). White scale bars in the lower right hand corner correspond to 
10µm for 30 and 60 minute images and 50µm for 180 minutes. The 180 minute 
images are not zoomed and show typical overall cell coverage.  
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The possibility of EGCg leaching out of the substrate and leaving the cells on pure 
mucin was excluded by our failure to detect any free EGCg in the cover medium 
surrounding the cells using high performance liquid chromatography, with a detection 
limit of 1µg/ml (carried out at Silsoe campus by Iva Chianella, see Appendix F. 3). 
OWLS and confocal microscopy data both support the conclusion that spreading is 
inhibited by mucin as with cellulose coated substrates [221, 223] and the inhibition is 
initially abolished for the mucin + EGCg aggregate layer.  
 
Analysing the OWLS peak width provides further evidence of the above as the 
surface coverage, defined as the fraction of substratum covered by cell material (up to 
150 nm above the surface for our experimental conditions) is obtained. The resonance 
peak width increases up to a surface coverage of 50% of randomly placed objects and 
then decreases as the coverage increases further [177]. The peak width data confirms 
that the covered area is largest for PLL, less for mucin + EGCg and smallest for 
mucin (Fig. 5. 13). 
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Figure. 5.13: Cell-substrata interactions monitored via OWLS (incoupling peak 
width). Fibroblasts  spread on 0.1% PLL in water (top curve), 0.1% (w/w) mucin in 
water (lower curve) and  0.1% mucin + 0.1% EGCg in water (middle curve). Cells 
were added at time 0. Notice that PLL and mucin + EGCg both reach a maximum 
peak width, which declines beyond 50%, whereas on mucin they never get that far. 
Linear least square fits to the interval 0-30 minutes gave rates of 2x10-4 ± 8x10-6 
deg/min and 9x10-5 ± 3x10-6 deg/min for PLL and mucin + EGCg respectively. Mucin 
alone yields two phase, a fast initial are (7x10-5 ± 3x10-6 deg/min) and a subsequent 
slow are 3x10-5 ± 1x10-6 deg/min.  
 
For PLL and mucin + EGCg the initial rate of incoupling peak width change increases 
linearly over the first 30 minutes whereas the mucin substrates exhibit two-phase 
coverage kinetics, initially fast and then slows (Fig. 5. 13). The incoupling peak 
position change suggests movement of optically refractive material, either intra-
cellular (e.g. the nucleus or cyto-skeletal components) or extra-cellular towards the 
substratum (Fig. 5. 11) and area covered (Fig. 5. 13) are key factors for long term cell 
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viability. This is clear if one compares ∆α for PLL and mucin + EGCg at 60 minutes 
(Fig. 5. 11), the 50% coverage point (from Fig. 5. 13). There is a twofold increase in 
∆α for PLL, implying more highly optically refractive material is localised close to 
the surface for this substratum.  
 
5.3.4 Summary 
Fibroblast cell attachment and spreading is greatly reduced on mucin coated 
substrates when compared with PLL and? can be countered by a polyphenol 
flavonoid, EGCg. Cell attachment and spreading responds to substrate rigidity [228 
229] and the flavonoid-induced restoration of cell activity may be due to structural 
changes in the layer which alter the viscoelastic properties. On the other hand, upon 
contacting the substrate fibroblasts, and many other cell types will modify it by 
synthesising and releasing onto the surface proteins required for the extracellular 
matrix [230]. For mucin substrates the properties of the layer could inhibit 
mechanoreceptive feedback mechanisms essential for increasing coverage. Also the 
increase in ∆α for mucin substrates (10-30 minutes) suggests that more material is 
being localised close to the surface even as the surface coverage stops increasing. It is 
therefore most likely that the substrate properties are the dominant influence on initial 
cell spreading.  
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6.0 Future work 
 
The aim of the final section is to suggest some possible future areas of research and 
highlight areas that may either reinforce this work or answer any questions which 
were not addressed. The evidence that mucin adsorbs in a composite layer is strong 
and using additional techniques to confirm its presence is most likely not necessary. 
Of interest however would be further investigations into the structure which give 
further insights into the dynamics of the adsorbed layer. A possibility here is to use 
modified waveguides capable of exciting additional modes. These should give more 
information (such as a realistic thickness) and as such would help with the anisotropy 
conundrum. 
 
Many biological systems which utilise mucin prevail across diverse temperature and 
salt conditions i.e. fish inhabit both freshwater and marine environments and indeed 
some will migrate from one to the other. This work has shown that mucin is able to 
adapt to its environment, with the exception of NaF, maintaining its functional 
characteristics. An obvious follow on from these experiments is to investigate mucin 
at different temperatures with different salt concentrations.    
 
An area which we have not investigated at all is heavy metals and their impact on 
mucin behaviour. In addition to mucosal secretions mucins are also released onto the 
skin (during perspiration). The presence of heavy metals in many cosmetic products 
(for example anti-perspirants) suggests that these molecules would be of interest. 
Indeed if the metals impact on mucin behaviour they may also provide additional 
structural information, as with the salt experiments. 
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The work with polyphenols could be extended to include other members of the 
catechin family and indeed many other flavonoids which have therapeutic properties. 
The timeframe and objectives for this work did not enable extensive experimental 
investigations into the effect of the complete catechin family. 
 
The surprising recovery of the cell spreading on mucin + EGCg substrates requires 
further work. We cannot state categorically that EGCg is incorporated into the layer 
although all the evidence at present suggests it is. It is important to first determine if 
this is the case. Once clarified, what is it about the mucin + EGCg substrates that the 
cells prefer? Most likely as mentioned in the text the viscoelasticity changes making 
the substrate increasingly responsive to the cells. Here it would first be interesting to 
grow cells on surfaces where the EGCg concentration in solution has been varied. 
Note here tough that the layer will collapse above a critical EGCg concentration. 
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Appendix A 
 
Optical waveguide lightmode spectroscopy: 
principle and fitting (RSA). 
 
A. 1 Reflection, refraction and total internal reflection 
 
When light travels across medium of differing refractive indices (for example F and 
C) some light will be reflected back and some will be refracted. This is commonly 
known as Snells law although Harriot had initially discovered it sometime before 
Snell [] (Fig. A. 1). 
 
nF sin θF = nC sin θC  (A 1) 
 
where nF and nC are the refractive indices of media F and C respectively where nC >  
nF.  θF is the angles of incidence and θC the angle of refraction. 
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Figure A. 1: Refraction, reflection and total internal reflection. A. Light travelling into 
media F (dark arrow) will refract into media C and reflect back into media F with the 
C/F relationship dependent on the angle of incidence θF. B. Total internal reflection 
(red arrow) will occur above a critical incidence angle, here no light is rerfracted. The 
Goos-Hánchen shift is shown as the dotted red lines.   
 
Above a critical angle (α), total internal reflection will occur. This only occurs when 
the light is travelling from a high to low refractive index material. The light confined 
within two reflecting interfaces will travel as a standing wave between the surfaces 
and as an evanescent wave beyond (Fig. A. 2). The light penetrates into C before 
returning to F, resulting in a phase shift, D [170].   
C 
F α  
B 
C 
F 
θC 
θF 
A 
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Figure A. 2: Laser light travelling through an optical waveguide. Light is confined 
within a high refractive index film (F) and will penetrate into the surrounding low 
refractive index material (S and C). A denotes an adsorbed adlayer, D the phase shift 
and α the angle of incidence.   
 
A. 2 Waveguide and adlayer parameter calculations 
 
A three layer model is used to calculate the waveguide parameters 
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where  
p=1 and N=NTM for TM mode  (A 3) 
p=0 and N=NTE for TE mode. 
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where TM is the transverse magnetic component of the propagating light, TE the 
transverse electric component and p the mode.  
 
Adsorption of material onto the surface will form an adlayer (A, Fig. 15) with the 
parameters characterised using the four layer mode equation [77, 172]. The refractive 
index of the adlayer, nA is calculated using  
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and the thickness, dA calculated using  
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A. 3  Random sequential adsorption 
 
As molecules adsorb onto a surface their shape will impact on the available surface 
for further adsorption. After a time adsorption will stop as the surface becomes 
jammed. This is the jamming limit (θJ) (e.g. a sphere has θJ ~ 0.547). The available 
area is at first close to one but as the molecules start to adsorb the surface becomes 
more occupied and the corrections become increasingly prominent [85]. At a certain 
point the surface cannot accommodate further adsorption, despite there being space, 
and the jamming limit is reached [68, 81, 82, 83, 84, 86]. 
 
The equation used for fitting is  
 
( ) ( ) ( )323 0845.02336.0812.01/1, xxxxaM ++--=f  (A 9) 
 
where 
J
x
q
q
=  ,  q  being related to M by M =  q m/a, where m is the mass per 
molecule, and Jq is the jamming limit. 
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Appendix B 
 
Determination of wall shear rate and refractive 
index increment (dn/dc). 
 
 
B. 1 Wall shear rate 
 
The diffusion boundary distance (δ) is calculated using [185] 
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where F is the volumetric flow rate, C a constant (dependent on characteristics of the 
tube) and D the diffusivity calculated using the Stokes Einstein relation 
 
hpr
TkD B
4
=
 (B 2) 
 
 
 
 
B. 2 Refractive index increment. 
 
 
The refractive index (R I) increment of mucin in water at 25 oC, 37 oC and 60 oC were 
determined by plotting R I against bulk concentration (cb) plots with the slope of the 
fit equating to the dn/dc [174].   
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Figure B.1: dn/dc for mucin at 25 oC (top), 37 oC (middle) and 60 oC (bottom) in 
water. 
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Figure B.2: dn/dc for NaCl (top), NaF (middle)  and NaI (bottom). 
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Figure B.3:. dn/dc for 3% w/w mucin + EGCg (top), 0.1% w/w mucin + EGCg 
(middle) and 0.1% mucin + EC (bottom). 
 
The dn/dc for all solutions are collected in Table B. 1. 
 
Table B.1: dn/dc for all solutions used. 
Solvent T (oC) dn/dc 
Water 25 0.138 
Water 37 0.141 
Water 60 0.138 
0.2M NaCl 25 0.146 
0.2M NaF 25 0.128 
0.2M NaI 25 0.132 
EGCg 0.1% mucin 25 0.184 
EGCg 3% mucin 25 0.159 
EC 25 0.156 
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Appendix C 
 
Preparation techniques 
 
 
C. 1 Cell culture  
 
 
3T3 growth media  
 
Dulbeccos Modified Eagles Medium (DMEM) 
10% Foetal Bovine Serum (FBS) 
For experiments outside the incubator 3T3 growth medium is supplemented with 
hepes Z1 buffer.  
 
Z1 buffer 
For 1 litre of Z1 buffer 10mM hepes and 0.688 ml of 6M NaOH were mixed. pH 7.4   
 
MGM growth media 
DMEM  
10% FBS 
0.1% penicillin streptomycin  
0.2% glutamine 
Cells were supplemented with Z1 buffer for experiments performed outside the 
incubator [233]. 
 
DMEM recipe 
Dulbecco's Modified Eagle Medium (D-MEM) (1X) liquid (high glucose)  
Contains GlutaMAX I, 4500 mg/L glucose and 110 mg/L sodium pyruvate.  
Catalog Number: 31966021 was used. Recipe is provided below. 
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COMPONENTS Molecular Weight 
Concentration 
(mg/L) 
Molarity 
(mM) 
Amino Acids 
Glycine 75 30 0.400 
L-Alanyl-L-Glutamine 217 862 3.97 
L-Arginine hydrochloride 211 84 0.398 
L-Cystine 2HCl 313 63 0.201 
L-Histidine hydrochloride-H2O 210 42 0.200 
L-Isoleucine 131 105 0.802 
L-Leucine 131 105 0.802 
L-Lysine hydrochloride 183 146 0.798 
L-Methionine 149 30 0.201 
L-Phenylalanine 165 66 0.400 
L-Serine 105 42 0.400 
L-Threonine 119 95 0.798 
L-Tryptophan 204 16 0.0784 
L-Tyrosine 181 72 0.398 
L-Valine 117 94 0.803 
Vitamins 
Choline chloride 140 4 0.0286 
D-Calcium pantothenate 477 4 0.00839 
Folic Acid 441 4 0.00907 
i-Inositol 180 7.2 0.0400 
Niacinamide 122 4 0.0328 
Pyridoxine hydrochloride 204 4 0.0196 
Riboflavin 376 0.4 0.00106 
Thiamine hydrochloride 337 4 0.0119 
Inorganic Salts 
Calcium Chloride (CaCl2-2H2O) 147 264 1.80 
Ferric Nitrate (Fe(NO3)3"9H2O) 404 0.1 0.000248 
Magnesium Sulfate (MgSO4-7H2O) 246 200 0.813 
Potassium Chloride (KCl) 75 400 5.33 
Sodium Bicarbonate (NaHCO3) 84 3700 44.05 
Sodium Chloride (NaCl) 58 6400 110.34 
Sodium Phosphate monobasic (NaH2PO4-
2H2O) 
154 141 0.916 
Other Components 
D-Glucose (Dextrose) 180 4500 25.00 
Phenol Red 376.4 15 0.0399 
Sodium Pyruvate 110 110 1.000  
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C. 2 Waveguide cleaning 
 
Cleaning protocols were established throughout the course of the work. To remove 
weak (concentrations up to 0.1 % w/w) mucin solutions from the waveguide surfaces 
Roche was used. The rinse step involves filling the centrifuge tube with fresh water 
and pouring out.  
 
Roche Protocol 
 
Sonicate in water for 10 minutes at 50 oC 
Rinse  
Rinse  
Sonicate in Roche ‘Cobas Integra’ solution for 10 minutes at 50 oC 
Rinse 
Rinse 
Rinse 
Dry with filtered nitrogen 
O2 plasma treated at 20 mW for 2 minutes 
 
For higher concentrations of mucin (up to 3%) Roche was not good enough at 
removing the extremely well bound layer. A Sodium dodecyl sulphate step was 
introduced into the protocol.  
 
SDS – Roche Protocol 
 
Sonicate in water for 10 minutes at 50 oC 
Rinse  
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Rinse  
Sonicate in SDS for 10 minutes at 50 oC 
Rinse 
Rinse 
Rinse 
Sonicate in Roche ‘Cobas Integra’ solution for 10 minutes at 50 oC 
Rinse 
Rinse 
Rinse 
Dry with filtered nitrogen 
O2 plasma treated at 20 mW for 2 minutes 
 
At very high mucin concentration (10%) and for mucin + EGCg solutions the layer 
formed was very stable and chromesulphuric acid was used to clean. 
 
Chromesulphuric acid 
 
Fully submerge in chromesulphuric acid for 3 minutes 
Dip in potassium hydroxide (KOH) 
Sonicte in water (room temerature) changing water frequently 
Dry with filtered nitrogen 
O2 plasma treated at 20 mW for 2 minutes 
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Appendix D 
 
Supporting information: second layer formation 
 
 
D.1 Atomic force microscopy of mucin layer 
 
 
Images were obtained using an MFP3DIO instruments (Asylum Research, California) 
integrated within an inverted optical microscope. NSC36/AL BS (tip radius ~10 nm, 
resonant frequency f = 140–170 kHz, Micromash, Estonia) silicon tips were used. A 
drop of 0.1% w/w mucin solution was placed onto the substrate, glass microscope 
slides pretreated for 2 min in oxygen plasma, and kept for 20 min before rinsing with 
pure water. The sample was then immersed in 10 mM NaCl for intermittent contact 
imaging at room temperature.  
AFM image shows entangled regime mucin layer. Here the raised areas (coloured 
blue) are proposed as the second layer which is sitting on the layer adsorbed adjacent 
the surface. 
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Figure D.1: AFM image of 3% mucin concentration dissolved in water and adsorbed 
onto mica. 
 
D. 2 Microrheometry 
 
Polystyrene latex particles (radius r = 274 nm) were chosen to be non-interacting with 
mucin with a size substantially bigger then the mesh size of a semi-dilute mucin 
solution. The particles were added to solutions of mucin covering the concentration 
range from 0.01–10 weight % (it is experimentally impracticable to measure the 
deposition at much lower or much higher bulk concentrations because the solutions 
become indistinguishable from pure water and extremely viscous respectively) in pure 
water and the Brownian movement monitored via phase contrast optical microscopy 
and particle tracking software. The recorded two-dimensional trajectories were 
converted to mean square displacements and plotted against trajectory duration. The 
intercept of this graph with the y axis yields the di usion coe cient, from which the 
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viscosity η of the solution could be obtained from the Stokes Einstein relation. 
Speci c viscosity was de ned by the relation ηsp = (η-
 
ηwater)/ηwater.  
 
 
Figure D. 2: Plot of log (speci c viscosity) against log(bulk mucin concentration). 
Straight lines are least squares  ts. The slopes are 1/2 and 3/2.  
 
 
C. 3. Force distance AFM measurements 
 
Force vs separation curves measured between a hydrophilic glass colloidal probe 
(radius 14.1 µm) glued to ae rectangular tipless silicon cantilever (Mikromash, 
Estonia, spring constant k = 0.346 N/m) and a plasma treated glass cover slip surface 
previously immersed in 0.1% mucin solution (bulk viscosity 0.96 mPa s) in 1 mM 
NaCl as a background electrolyte. Force curves were obtained using a constant 
approach load of 93 nN and an approach speed of 360 nm/s to minimise 
hydrodynamic force [191]. 
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Figure D.3: Typical force vs separation curves were obtained at three di erent contact 
dwell times were applied: 1.5 s (black); 300 ms (red); and 50 ms (blue). Upper traces: 
extension; lower traces, retraction. The thicker solid line represents the theoretical 
contribution from the hydrodynamic force assuming Reynolds squeeze  ow with stick 
boundary conditions. 
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Appendix E 
 
Supporting information: layer structure 
 
 
 
E. 1 Dynamic light scattering: temperature 
 
 
Dynamic light scattering (DLS). Measurements to determine the hydrodynamic radius 
Rh of dissolved mucin were carried out using a PCS 4700 goniometer system 
(Malvern Instruments, UK) with dedicated software. A laser (wavelength = 488 nm 
and power = 20.4 mW) was used to ensure consistent incident beam intensity without 
overheating the sample. Initial measurements were performed for 10 scattering angles 
between 30 and 120 o. Measurements were carried out across a temperature range of 
12.2–60 C.  
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Figure E.1: Concentration – temperature size dependency of mucin in water. 
 
 
E. 2 Dynamic light scattering: salts 
 
Experimental set up and technique used was the same as that for E. 1. The 
experimental data is presented in Table E 1. From these measurements two species 
were determined. Rh small relates to the globule (beads) whilst Rh big relates to the 
overall molecule size. 
 
Table E. 1: Mucin - salt size relation determined using DLS. Rh small relates to the 
globules and Rh large the overall molecule dimensions. 
  
  Rh (small) Rh (big) 
  
NaI  8.4  29.2 
NaF  12.9  72.4 
NaCl  13.6  115.6 
DIW  10.1  34.9 
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Appendix F 
 
Supporting information: function 
 
F. 1 Lubrication 
 
Tribological measurements were made with both mucin and chitosan with ‘smooth’ 
and ‘rough’ tribopair surfaces. 
 
Methods  
 
 
Preparation of mucin and chitosan solutions 
 
Pharmaceutical grade porcine gastric “Orthana” mucin was purchased from A/S 
Orthana Kemisk Fabrik (Kastrup, Denmark). “Orthana” mucin is used in a saliva 
substitute formulation “Saliva Orthana”™ and originates from the linings of pork 
stomach. The molecular weight of mucin Orthana is 546 kDa and it adopts a daisy 
chain structural confirmation in the bulk [113]. The commercial preparation was 
extensively dialysed to remove all salts and other low molecular weight additives and 
finally lyophilized and stored for use as required. All solutions were made by 
dissolving weighed portions of the lyophilized material in demineralised water. The 
sample was shaken for 2 hours and subsequently filtered through a Sartorius 
“Minisart” filter (200nm pore size). The solutions were used immediately after 
preparation.  
 
Chitosan (ChitoClear Ò, Primex Ingredients ASA, Norway), Acetic acid (99.99+%, 
Aldrich, UK) and Sodium Chloride (99,98%, Riedel-de-Haen, UK) were used without 
further purification.  
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The following solutions were utilised: 
 
1. Mucin aqueous solutions with concentrations in the range between 0.1 mg/ml 
and 100 mg/ml. 
2. Chitosan 0.1, 1.0 and 10 mg/ml aqueous solutions with addition of 0.2M 
NaCl, and acetic acid to the pH=4.  
 
Water was purified using a commercial water purification system that comprises of 
two units: SG reverse osmosis pre-cleaning unit and Barnstead NANOpure Diamond 
equipped with semiconductor-grade ion-exchange resins, ultrafilter (0.2 mm) and UV 
oxidation chamber. The deionised water had a resistivity 18.2 MOhm. 
 
Tribological measurements using Mini Traction Machine  
 
Tribological measurements were carried out on a Mini Traction Machine (MTM) 
(PCS Instruments Ltd., UK). This technique has been described in previous studies 
[234]. Briefly, friction forces between a disk and a loaded ball (applied normal force 
L) are measured as a function of speed using a force transducer on the ball. Ball and 
disk are both driven by separate motors so that any slide-to-roll-ratio (SRR) can be 
adjusted: 
2/)( diskball
diskball
VV
VVSRR
+
-
= .  
 
The velocities determine the entrainment speed (U ) defined as  
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 2/)( diskball VVU += .      
 
For each entrainment speed the measurements were performed using both conditions 
diskball VV >  and diskball VV < , thus keeping the SRR constant. The average of the two 
measurements was taken, enabling evaluation of fF  free from the offset errors in the 
lateral force measurement and also removing the contribution from the rolling 
friction. The measured friction force was used to calculate the friction coefficient 
( m ), defined as  
 
L
F f=m
. 
  
In a typical experiment the friction coefficient m  was measured five times for every 
U, starting at high speed and then step-wise reducing it. The presented data are an 
average of all measurements. The ball and disk were immersed in the polymer test  
solution for at least ½h before starting each measurement. Each tribopair was only 
used for one liquid and then stored. For low polymer concentrations < 1 mg/ml a 
longer 1h equilibration time was used. As a control of a steady state in polymer 
adsorption we were monitoring a hysteresis in the Stribeck curves. If hysteresis was 
less then the scatter of the data we have assumed that steady state was reached, and 
measurements were qualified.  
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Surfaces used in tribological measurements  
 
PDMS elastomer (Sylgard Ò, silicone elastomer, Dow Corning, MI, US) was used for 
surfaces with a range of surface properties for tribological measurements. Disks of 
varying roughness were used, while the roughness of the ball was kept constant. 
Hydrophilic PDMS surfaces were prepared by treating surfaces with in oxygen 
plasma for 5-7 min. The properties of the surfaces are listed below: 
 
· Hydrophobic “smooth” surfaces (RMS = 8.6±1 nm, peak-to-valley 
difference = 300 nm, contact angle ~100±10°).   
· Hydrophobic “rough” surfaces (RMS = 382 nm, peak-to-valley difference 
= 27 mm, contact angle ~100±10°).  
· Hydrophilic “rough” surfaces (RMS = 382 nm, peak-to-valley = 27 mm, 
contact angle~40±15°).  
 
Results 
Stribeck (1902) introduced the velocity dependence of friction in the presence of 
liquid whereby at high velocities an elastohydrodynamic (EHL) fluid film regime (red 
shaded area, Fig. E 1) forms that prevents the surfaces from coming into contact and 
for this regime the fluid hydrodynamics can be described using the Reynolds 
equation. Conversely boundary lubrication or nanofriction (a lubricating film of less 
than 100 nm) is characterised at low speeds (non-shaded area, Fig. F. 1) and is the 
separation of solids at the molecular level whereas the mixed regime (Grey shaded 
area, Fig. E 1) occurs when the roughness of the surface is comparable with the film 
thickness at those velocities between the EHL and boundary [151]. For ‘smooth 
This watermark does not appear in the registered version - http://www.clicktoconvert.com
 158 
hydrophobic surfaces mucin facilitates lubrication in both the boundary and mixed 
regimes (Fig. F. 1)      
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Figure F. 1: Stribeck curves at room temperature for a smooth hydrophobic tribopair 
(disk r.m.s. roughness ~ 8.6 nm) for various mucin bulk concentrations. The master 
curve is the solid black line. Non – shaded area denotes boundary regime, grey shaded 
area mixed regime and red shaded area hydrodynamic regime.  
 
Rough surfaces effectively extend the boundary regime and mucin lubricates in a 
concentration dependent manner in the boundary regime (Fig. F. 2).   
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Figure F. 2: Stribeck curves at room temperature for a rough hydrophobic tribopair 
(disk RMS. roughness ~ 382 nm) for various mucin bulk concentrations. Master curve 
is the black line.  
 
For rough surfaces rendered hydrophilic it is clear that mucin does not facilitate 
lubrication as all concentrations collapse onto the master curve (Fig. F. 3).   
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Figure F. 3: Stribeck curves at room temperature for a rough hydrophilic tribopair 
(disk RMS roughness ~ 382 nm) for various mucin bulk concentrations. 
 
The correlation of saturated mass (Fig. F 4) and time for desorption (Fig. F 5) with 
friction reduction should give us an insight into which process is the most important 
for effective mucin lubrication. Total mass adsorbed or the dynamics of the layer?   
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Figure F. 4: Correlation between saturated adsorbed mass and the observed hU  shift 
( ( ){ }hd Ulog ) and boundary friction drop ( Bdm ). 
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Figure F. 5: Correlation between desorption characteristic time and the observed hU  
shift ( ( ){ }hd Ulog ) and boundary friction drop ( Bdm ). 
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F. 2 Astringency 
 
 
Dynamic light scattering for mucin solutions with varying concentrations of EGCg 
suggest complexes are formed (Fig. F 6).  
 
0 2 4
50
100
150
200
250
Hy
dr
od
yn
am
ic 
ra
di
us
 / 
nm
 ce / Molar ratio
 
Figure F. 6. Glycoprotein aggregate size-polyphenol concentration relationship. 3% 
(w/w) mucin solution with varying concentrations (ce) of EGCg.  
 
 
F. 3 HPLC determination of free EGCg  
 
 
Several concentrations (1-0.001 mg/ml) of EGCg in water were used to characterise 
the peak and build a calibration curve. The detection limit was 1µg EGCg/ml. Cell 
cover media were injected and tested using the same method as for standard solutions. 
The mobile phase consisted of AcN/10 mM KH2PO4 (20/80, v/v) at pH 4.70 with a 
flow rate of 0.5 ml/min, injection volume of 10 µl and UV detection at 206 nm [235]. 
Figure F. 7 shows the retention time for EGCg alone dissolved in water. 
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Figure F. 7: EGCg retention time. 1mg/ml stock EGCg solution diluted 1:50.  
 
Free EGCg could not be detected in the surrounding media of cells grown on mucin + 
EGCg (Fig. F 8), mucin (Fig. F 9) or PLL (Fig. F 10) substrates. 
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Figure F. 8: Retention time of species in media from cells grown on mucin + EGCg 
substrates.  
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Note that there is a peak with retention time 0.764 minutes (Fig. E 8). This is most 
likely the phenol red in the cell culture media. There is no EGCg peak (1.746 
minutes). 
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Figure F. 9: Retention time of species in media from cells grown on mucin substrates.  
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Figure F. 10: Retention time of species in media from cells grown on PLL substrates.  
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Finally as a positive control EGCg was added to the PLL cover solution and run over 
the column. It is clear that if EGCg were in the solutions taken from the cell 
experiments it would have been easy to detect (Fig. F11). 
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Figure F. 11: Retention time of species in media spiked with 20µl EGCg 1:10 
dilution. 
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